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ABSTRACT 

In the course of conducting a deep (14.5 ^ r < 23), 20 night survey for 
transiting planets in the rich ~ 550 Myr old open cluster M37 we have measured 
the rotation periods of 575 stars which lie near the cluster main sequence, with 
masses O.2M0 ^ M < I.BMq. This is the largest sample of rotation periods for 
a cluster older than 500 Myr. Using this rich sample we investigate a number 
of relations between rotation period, color and the amplitude of photometric 
variability. Stars with M > 0.8Mq show a tight correlation between period and 
mass with heavier stars rotating more rapidly. There is a group of 4 stars with 
P > 15 days that fall well above this relation, which, if real, would present a 
significant challenge to theories of stellar angular momentum evolution. Below 
O.SMq the stars continue to follow the period-mass correlation but with a broad 
tail of rapid rotators that expands to shorter periods with decreasing mass. We 
combine these results with observations of other open clusters to test the standard 
theory of lower-main sequence stellar angular momentum evolution. We find that 
the model reproduces the observations for solar mass stars, but discrepancies 
are apparent for stars with 0.6 ^ M < I.OMq. We also find that for late-K 
through early-M dwarf stars in this cluster rapid rotators tend to be bluer than 
slow rotators in B — V but redder than slow rotators in V — Ic- This result 
supports the hypothesis that the significant discrepancy between the observed 
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and predicted temperatures and radii of low-mass main sequence stars is due to 
stellar activity. 

Subject headings: open clusters and associations:individual (M37) — stars:rotation 
— stars: low- mass — stars:spots — stars:variables:other 



1. Introduction 



This paper is the third in a series of papers on a deep survey fo r transiting planets in 
the open cluster M37 (NGC 2099) using the MMT. In the first paper Jflartman et aliboOSal . 
Paper I) we introduced the survey, described the spectroscopic and photometric observations 
and the data reduction, determined the fundamental parameters (age, metallicity, distance 
and reddening) of the cluster, and ob tained its mass and lu minosity functions and radial 
density profile. In the second paper (jHartman et al. 2008b . Paper II) we identified 1445 
variable stars in the field of the cluster, of which 99% were new discoveries. We found that 
> 500 of these variables lie near the cluster main sequence on photometric color-magnitude 
diagrams (CMDs) and show a correlation between period and magnitude. In this paper we 
investigate this population of variables arguing that the photometric variations are due to 
spotted star rotation. We use these variables to study the rotation of F-M main sequence 
stars at the age of the cluster (550 ± 30 Myr, Paper I; note that for the rest of this paper we 
adopt this age which was derived by comparison to models with convective overshooting). 

Rotation plays an important role in the life of a star. Empirically there is a strong 
relation between the rotation rate and the activity and age of low-mass stars fISkumanich 
19721 ). with older stars being slow er rotators and less active than young er stars. Rotation 



affects the structure of a star (see ISills. Pinsonneault. &: Terndrupl l2000l ) and its evolution 



may have im portant consequence s for mixing at the base of a star's convection zone (see 
the review by Pinsonneault Il997). Rotation also affects the spectral energy distribution of 
low-mass stars (IStauffer et al.ll2003l ). It has even been suggested that rotation may be used 
as a tool to determine the ages of field stars older than a few hundred million years, and that 
ages determined in t his fashion rn ay be significantly more accurate than ages determined 
using other methods tearnes 2007). However, the usefulness of these "gyrochronology" ages 
is predicated on an accurate understanding and calibration of the age-rotation rate relation. 
As we discuss next, there are relatively few constraints on this relation for ages > 200 Myr. 



^Observations reported here were obtained at the MMT Observatory, a joint facihty of the Smithsonian 
Institution and the University of Arizona. 
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The surface rotation period of a star can be measured directly from photometric varia- 
tions if it has substantial surface brightness inhomogeneities, from variations in the strength 
of spectroscopic features such as the cores of the Ca II H and K lines, or it can be constrained 
by measuring the projected equatorial rotation velocity f sini from the Doppler broadening 
of spectral absorption lines. The latter method suffers from the inclination axis ambiguity 
and thus requires a substantial ensemble of stars, as well as an assumption on the incli- 
nation axis distribution, to determine the underlying velocity, and hence rotation period, 
distribution. While it is more desirable for the study of stellar rotation to directly measure 
the rotation period of a star than vsini, a consequence of the activity-age relation is that 
older stars show lower amplitude photometric variations. For example, at 100 Myr a typical 
solar-like star will have a photometric amplitude of ~ 7% in r, at 500 Myr its photometric 
amplitude will have fallen to ~ 1%, and at 2 Gyr the typical amplitude is only ~ 0.1%. 
Moreover, longer rotation periods are more difficult to measure as they require observations 
spanning a longer baseline. As a result it becomes increasingly difficult to directly measure 
the rotation periods of stars at greater ages. Our understanding of the angular momentum 
evolution of stars older than a few hundred million years ha s been gleaned primarily from 
f sini measurements (See for example the review by iBouvien (119971 )). 



Most photometric studies of stellar rotation have focused on young (< 1 00 Myr) open 

cluste rs whose stars show relatively large amplitude photometric variations (See lStassun fc Terndrup 
( I2OO3I ) for a review). These studies have given great insight into the evolution of angular 
momentum for pre- main sequence stars (PMS). As a star contracts on to the main sequence 
the expectation is that it will spin up. Observations of the youngest clusters, however, have 



reveal ed that not all PMS achieve these short rotation periods (S ee for example iHerbst et al. 
( I2OO2I ) for observations of the ~ 1 M yr Orion Nebula C luster, ICieza fc Balib eil J2006h ibr 
observations of ~ 2 — 3 Myr IC 348, iLamm et al.l (120051 ) for observations of ~ 2 — 4 Myr 



NGC 2264, llrwin et al.l J2008bh for observations of ~ 5 Myr NGC 2362, and llrwin et al. 



( l2008al ) for observations of ~ 40 Myr NGC 2547). Possible explanations for the presence of 
slow rotators i n these cluste r s include magne tic locking of the star's rotation to the inner 
accretion disk (iKonigll Il99ll : IShu et al.l Il994l ) or the presence of an accretion-driven wind 
which carries angular momentum away from the star (jShu et al.ll2000l ). 



Photometric determinations of rotation periods have been obtained for stars in a num- 
ber of clusters in the age range 50 — 200 Myr; at these ages solar-like stars have settled 
on to the main seque nce. Clusters that have been studied inclu de IC 2391 (~ 50 Myr; 
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Patten fc SimonI Il996h. IC 2602 (~ 50 Myr; 



Stauffer^ Hartmann fc Jone; 



Barnes et al. 
1989| : 



Prosse: 



1999h. a Persei 



1991 



O'Dell fc Colher Cameronlll993l:IO'Dell. Hendrv fc Colher CameronI 



Prosser et al. 



1994 



1993a 



Prosser et al.lll995 



O'Dell et al. 



1997 



AUain et al 



19961 : 



Martin fc Zapatero Osorio 



1997 



Prosser &: Randich 



-4- 



1998 



1987 



1995 



Stauffer et al 



1987 



Krishnamurthi et al 



rosser. Randich fc Simon 1998 : Barnes et alll998), the 



Van Leeuwan. Alphenaar fc Mevs 



1998 



150 Myr; llrwin et all 120071 ). and M34 (~ 200 Myr; Barnes 
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1987 



Prosser et al 
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Terndrup et al.l ll999l: IScholz fc Eisloffe]|l2004h. NGC 2516 



Irwin et al.l 120061 ). 



The data for older clusters is scarcer. Periods have been determined for 87 stars in NGC 



3532 (~ 300 Mvr: iBarnesI Il998h . 4 stars in Coma 600 Mvr: iRadick. Skiff fc Lockwood 
1990h . 35 stars in the Hyades (~ 625 Mvr:[Radick et al.lll 987l.ll995l:I Prosser et al.l ll995h. and 
5 stars in Praesepe (~ 625 Myr; IScholz fc Eisloffell 120071 ). 



The observations discussed above have clearly demonstrated that once a low-mass star 
(G and later) reaches the main sequence it begins to lose angular momentu m; this is under- 
stood to be the result of a magnetized stellar wind (IWebber &: David 119671 ). By comparing 
the ro tation velocities of stars in the Pleiades and the Hyades with the Sun, ISkumanich 
(I1972I ) found the scaling relation v oc where v is the average equatorial velocity and 

t is the age. T his can be expl ained by a surface angular momentum loss rate that is pro- 
portional to uj^ (jKawalerlll988l ) and naturally l eads t o a convergence in the rotation rates of 
stars at a given mass as seen by iRadick et al. Jl987h for stars in the Hyades. T he presence 
of solar-mass r apid rotato r s in t he Pleiades (IVan Leeuwen fc Alphenaarl Il982l ) appears to 
contradict the ISkumanichI (jl972l ) law and suggests that the angular momentum loss rate 



is saturated above some critical rotation rate Ur^rit so that it scales as uj'^rit^ u > 



■'crit 



(lKawalerlll988l ). The critical rotati on rate must be mass depen dent to explain the spread in 
rotation rates for lower mass stars (IKrishnamurthi et al.l 119971 ). 



The rotation history of a star will depend not only on the rate of angular momentum 
loss, but also on the efficiency of internal angular momentum transport. Models in which 
the core and envelope of a star are decoupled lead to a rapid spin-down of the envelope 
(jSoderblom et al.lll993l ). In these models once the core and envelope become re-coupled the 
spin-down is much less dramatic. Models in which the internal angular momentum transport 
is calculated by hydrodynamic mechanisms, a nd in which some degree of core- e nvelop e de- 



coupling is permitted have been produced (e.g. iSills. Pinsonneault. &: Terndrupl (I2OOOI ) show 
that models that incorporate differential rotation with depth in stars are needed to repro- 
duce the angular momentum evolution of systems younger than the Pleiades). Alternatively, 
models in which the star is assumed to rotate as a solid body have also been developed (e.g. 
Bouvier. Forest ini. fc AUain I (119971 )). 



This paper presents rotation periods for 575 stars in the open cluster M37 (NGC 2099). 
In Paper I we found that the cluster has an age of 550 ± 30 Myr, a reddening of E{B — 
V) = 0.227 ± 0.038, a distance modulus of (m — M)v = 11.57 ± 0.13 and a metallicity 
of [M/H] = +0.045 ± 0.044 which are in good agreement with previous measurements. 
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The age of M37 is th us comparable to that of the Hyades (625 Myr with overshooting; 
Ferryman et al. Ill998l ) which at present is the oldest cluster for which a significant number 
of stellar rotation periods have been measured. M37 is, however, substantially richer than 
the Hyades and thus has the potential to provide a much larger data-set of rotation periods 
for older stars. 

As we were preparing to submit t his manuscript, we became aware of a similar, inde- 
pendent study by lMessina et al.l (120081 ) . which presents rotation periods for 122 stars i n this 
cluster. Our survey goes more than 2 magnitudes deeper than iMessina et al.l (120081 ) with 
more than an order of magnitude more observations from more than twice as many nights. 
As a result we are able to study the rotation evo lution for late K and early M dwarfs as well 
as t he late F, G and ear ly K dwarfs studied by iMessina et al.l (120081 ). On the other hand, 
the IMessina et al.l (120081 ) survey has measured periods for early F stars that are saturated 
in our survey. We compare the periods measured by both surveys in §3.6. 

In the next section we provide a brief summary of the observations and data reduction. 
In §3 we compile the catalog of candidate cluster members with measured rotation periods. 
In §4 we fit analytic models to the observed period-color sequence in M37. In §5 we compare 
the photometric observations to spectroscopic vsini measurements for a number of these 
stars. In §6 we study the amplitude distribution as a function of period and color. In §7 
we study the Blue K dwarf phenomenon in M37. In §8 we compare these observations to 
theories of stellar angular momentum evolution. We discuss the results in §9. 



2. Summary of Observations 



The observations and data reduction procedure were described in detail in Fapers I and 
II, we provide a brief overview here. The observations consist of both gri photometry for 
~ 16000 stars, and r time-series pho tometry for ~ 23000 stars obtained with the Megacam 
mosaic imager (iMcLeod et al.ll2000l ) on the 6.5 m MMT. We also obtained high-resolution 
spectroscopy of 127 stars using the Hectochelle multi- fiber, high-dispersion spectrograph 
(ISzentgvorgvi et al. 109981 ) on the MMT. 



The primary time-series photometric observations were done using the r filter and consist 
of ~ 4000 high quality images obtained over twenty four nights (including eight half nights) 
between December 21, 2005 and January 21, 2006. We obtained light curves for stars with 
14.5 < r < 23 using a reduction pip eline based on th e image subtraction technique and 
software due to lAlard &: LuptonI (119981 ) and lAlardI (120001 ). We apply two cleaning routines to 
the data: clipping outlier points and removing individual bad images. We do not decorrelate 
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against other systematic variations since doing so tends to distort the hght curves of large 
amphtude variables. 

The spectra were obtained on four separate nights between February 23, 2007 and March 
12, 2007 and were used to measure T^jf, [Fe/ H] , vsini and the radial velocity (RV) via cross- 
correlation aga inst a grid of model stellar spectra computed using ATLAS 9 and SYNTHE 
(iKuruczl Il993l ). The classification procedure was developed by Meibom et al. (2008, in 
prepa ration) , and made use of the xcsao routine in the IrafB rvsao package ( Kurtz fc Mink 
19981 ) to perform the cross-correlation. In performing the cross-correlation we found that it 
was necessary to fix log{g) = 4.5, however given that very few of the field stars in our sample 
are likely to be giants or sub-giants fixing log{g) should not substantially bias the resulting 
parameters. We measured the parameters separately for each of the four nights choosing 
the vsini and Te// values that maximize the cross-correlation peak- height value at three 
[Fe/H] grid points {[Fe/H] = -0.5, [Fe/H] = 0.0, and [Fe/H] = +0.5). For each [Fe/H] 
grid point we determined the average vsini and T^ff values over the four nights together 
with uncertainties on the values for each night estimated using the standard deviation of 
the measurements. We then fit a quadratic relation between [Fe/H] and the average peak- 
height values to estimate the value of [Fe/H] that maximizes the cross-correlation and then 
determined vsini and T^ff by fitting a quadratic relation between each of these parameters 
and [Fe/H]. The final errors on each parameter are the standard errors from the fit. For a 
given star the error on v sin i can be substantially larger than the average value, particularly 
for fainter targets, when the value of [Fe/H] is not strongly constrained or when vsini is 
small, in these cases the error should be taken as an upper limit on the value. To determine 
the RV for each star we used rvsao to cross-correlate the spectra on each night against the 
best matching template spectrum from the full grid. 

As desc ribed in Pap e r I w e also take BV photometry for stars in the field of this 
cluster from iKalirai et al.l (120011 ). Ks photometry from 2MASS (jSkrutskie et al.l 120061 ) and 
we t ransform our ri photome try to Ic using a transformation based on the Ic photometry 
from iNilakshi fc Sagail J2OO2I ) . 



^Iraf is distributed by the National Optical Astronomy Observatories, which is operated by the Associa- 
tion of Universities for Research in Astronomy, Inc., under agreement with the National Science Foundation. 
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3. Catalog of Candidate Cluster Members with Measured Rotation Periods 

3.1. Selection of Rotational Variables 



I n Paper II we selected 1445 periodic variable stars usin s the Lomb-Scargle (L-S; iLomb 



19761 : IScargle 



1982 



Press fc Rvbicki 



ance (AoV: ISchwarzenberg-Czernv 



198 



3 



1989 



Press et al.l 19921 ). phase-binning analysis of vari- 



Devorl l2005l ) and box-fitting least squares (BLS; 



Kovacs. Zucker and Mazehl 120021 ) algorithms. From this catalog we will now select a popu- 
lation of probable cluster member, rotational variables. To do this we follow the procedure 
for selecting candidate photometric cluster members described in Paper I. For each star we 
determine the g,r,i,B,V point within the fiducial cluster main sequences, generated by eye, 
that has a minimum deviation from the observed g,r,i, B,V values for the star. We then 
select as candidate cluster members stars with < 150 in g,r,i and < 250 in B,V 
foT B — V < 1.38 and \^ < 20 or < 150 in B, V for other stars. Figure [U shows the 
selected variables on g — r and g — i CMDs. After rejecting variables that were classified 
in Paper II as eclipsing binaries or short period pulsators and rejecting variables without 
period determinations we are left with 575 variables that are candidate cluster members. A 
catalog of these 575 variables is given in tables [TH3l we show only the first ten rows of each 
table for illustration, the full tables are available in the online edition of the journal. Note 
that only stars with spectroscopy are included in table [31 



3.2. Revised Periods 

In Paper II we calculated the periods of the variable stars using the L-S, phase-binning 
AoV, and BLS algorithms. We then selected, by eye, the most likely period for each star 
from the values returned by the three alg orithms. Here we recal c ulate the periods using 



the multi-harmonic AoV algorithm due to ISchwarzenberg-Czernyl (119961 ). This method is 



equivalent to fitting to each light curve a harmonic series of the form: 

N 

f(t) = Oq + ctj cos(27rit/P -|- 0j) (1) 

i=l 

where P is the period, are the amplitudes, and (pi are the phases. This method is more 
general than the L-S algorithm which is equivalent to fitting a = 1 series without a 
floating mean, and may give a more accurate period determination for light curves that have 
multiple minima in a single cycle. We calculate the period for each light curve for = 1, 2 
and 3. Figure [2] shows the period-(i? — V)o relation for each value of A^ while figure [3] shows 
the period-< r > relation. Here < r > is the average r magnitude of the light curve. The 
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Q 03 1 1.5 2 q 1 2 3 4 
g - r [Mag] g - i [Ma^l 

Fig. 1. — g — r vs r (left) and g — i vs r (right) CMDs showing the selection of variable 
stars that are candidate cluster members; only variable stars are included on this plot. 
Dark points show the candidate cluster member variables, light points show field variables. 
Variables classified as pulsators or eclipsing binaries (see Paper II) are not included on this 
plot. The vertical scale on the right side of the plot shows the masses of cluster members as 
a function of r magnitude. 
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magnitudes and colors have been converted to masses using the mass-r and mass-(-B — V)o 
relations for this cluster that were determined in Paper I. 

As seen in figures |2] and [31 there is a clear period-stellar mass sequence running from 
P ~ 3 days, M ~ 1.2Mq to P ~ 17 days, M ~ 0.5Mq. There also appears to be a significant 
number of stars with periods falling below the sequence for M < 0.8Mq and a cluster of 
stars with 15 days < P < 20 days and 0.7Mq < M < I.IMq. For = 1 there appears 
to be a second sequence with periods that are half the main-band values, while N = 2 and 
= 3 yield a sequence with periods that are twice the main-band values. Light curves that 
fall in the long period sequence for N = 2 and A^ = 3 show multiple minima in a cycle when 
phased at the long period. Changing the number of harmonics in the fit can select different 
harmonics of the true period. Light curves with multiple, unequal, minima in a cycle or light 
curves that are not perfectly periodic (e.g. due to spot evolution, or uncorrected systematic 
errors in the photometry) are particularly susceptible to choosing an incorrect harmonic of 
the true period. For the remainder of the paper it is important to have a sample of stars 
with unambiguous periods. We therefore select a clean sample of 372 stars for which periods 
determined with A^ = 1, 2 and 3 do not differ by more than 10%. For this sample we adopt 
the N = 2 periods. As seen in figure [2] and [31 the half-period harmonic sequence is removed 
from the clean sample. We note that a handful of long-period variables remain in the clean 
sample, we discuss these further in §9. Tables [1] and [2] include the full sample of stars, the 
A^ = 1, 2 and 3 periods are provided in table [H 

In figure [H we show phased light curves for a random sample of stars that fall along the 
main period-color band (see §4). Figure [5] shows phased light curves for a random sample 
of rapid rotators (P < 2 days). Finally, in figure [6] we show the light curves of 4 of the 5 
long-period stars in the clean sample with P > 15 days and r < 18.5 mag. Note that the 
fifth star is rejected as a non-cluster member based on its RV. 



3.3. Period and 

As we will discuss in §8.2, the spread in 
a powerful constraint on theories of stellar 
whether or not the observed period spread is 
for both the period and color uncertainties. 



Color Uncertainties 

rotation periods for stars of a given mass puts 
angular momentum evolution. To determine 
real it is important to have accurate estimates 



- 10 - 



Mass [U^] 



1.0 D.5 1,0 0.5 




(B-v)„ 



Fig. 2. — Period versus {B — V)o color (bottom axis) and mass (top axis) for variable stars 
that are candidate cluster members. The periods are determined with the multi-harmonic 
AoV method, which is equivalent to fitting equation [1] to the light curves. We show the 
results for = 1, 2 and 3. In the top panel we show a clean sample of stars for which the 
= 1, 2 and 3 periods do not differ from each other by more than 10%. In the left panels 
the period is plotted on a linear scale, in the right panels it is plotted on a logarithmic scale. 
We adopt the N = 2 period for the clean sample of stars. 
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Fig. 3. — Same as figure [2l here we plot period against < r >, the average r magnitude of 
each hght curve. 
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Fig. 4. — Example light curves for 16 randomly selected variable stars that are candidate 
cluster members and lie along the main period-color band (§4). The period listed for each 
light curve is in days. The continuous quasi-periodic variations are consistent with spotted 
star rotation. The hght curves are sorted by period. 
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Fig. 5. — Example light curves for 16 randomly selected candidate cluster member variable 
stars with P < 2 days. 
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V854 P=16.5±0.1 



16.46 




18.02 



HJD - 2453725.0 



Fig. 6. — Light curves of four variable stars that are photometrically selected candidate 
cluster members with long periods (P > 15 days and {B — V)o < 1.2). The hsted periods 
are in days and the solid line shows the best fit sinusoid to each light curve. V223 has an 
RV that is consistent with cluster membership; we do not have RV information for the other 
three stars. We exclude one long period star that is in the clean sample shown in figure [2] 
but has an RV that is inconsistent with it being a member of the cluster. 
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3.3.1. Period Uncertainties 



Uncertainties in the period can be divided into two classes: errors due to aliasing or 
choosing the wrong harmonic of the true period and random errors. Aliasing generally 
yields a discrete set of peaks in the periodogram of a light curve resulting in an uncertainty 
in choosing the peak that corresponds to the physical period of the star. Random errors 
correspond to the uncertainty in the centroid of each periodogram peak, these errors are 
typically assumed to be Gaussian. There are at least four factors which contribute to random 
uncertainties in the stellar rotation period inferred from starspots. These factors include: 



1. Noise in the photometry. 

2. Inadequacies in the model used to determine the period (e.g. the light curve is periodic 
but not sinusoidal). 

3. Spot evolution. 

4. Differential rotation. 



In Paper II we conducted bootstrap simulations of the period detection for each star. 
This effectively determines the contribution of photometric noise to the period uncertainty. 
We redo these bootstrap simulations here for the multi-harmonic AoV period determinations. 

To assess the uncertainty due to inadequacies in the model and due to spot evolution 
we conduct Monte Ca rlo simu l ation s. We simulate light curves for 1000 spotted stars using 



the spot model due to iDorrenI (119871 ). For each simulation we place three spots with random 
angular sizes between 0.05 and 0.5 radians, random latitudes and random longitudes on the 
surface of a star, assign the star a random rotation period between 0.2 and 20 days, and 
allow the spots to vary sinusoidally in angular size. The amplitude, phase and period of the 
variation are chosen randomly for each spot. We limit the period for spot size variation to 
lie between 5 and 20 times the rotation period. We generate light curves for each simulated 
star using the same time sampling as our observations. We then measure the period of each 
simulated light curve using the multi-harmonic AoV algorithm, rejecting light curves for 
which = 1, 2 and 3 do not return the same period within 10%. Figure [7] shows an example 
of a simulated light curve and the detected period as a function of the injected period for 
all simulations. We find the RMS difference between the injected and recovered periods is 
~ 5%. We also find that the N = 2 period has the lowest RMS deviation from the injected 
rotation period. Note that this estimate for the error is conservative since most of the stars 
that we observed do not show as much spot evolution as our models do. 
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Fig. 7. — Left: Injected versus recovered period for simulated spot evolution light curves. 
The periods are recovered using the multi-harmonic AoV algorithm with N = 1, 2 and 3. 
We plot the results for A'^ = 1 and N — 2 only. The bottom left panel shows the fractional 
difference between the recovered and injected periods ior N — 2. The dotted line shows the 
RMS. Right: A simulated light curve of a star exhibiting spot evolution is phased at the 
injected rotation period (top) as well as at the recovered periods for A^ = 1 and N — 2. 
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The rotation periods measured for an ensemble of stars with spots located at different 
latitudes may exhibit scatter even if all stars of a given mass have the same equatorial 
rotation period. The Sun exhibits differential rotation that can be modeled as 



= Peq/ {1 -k sin' P) 



(2) 



where Pjs is the rotation period at latitude jS and Peq is the equatorial rotation period. 
Observations o f spots on the Sun yield k = 0.19 while surface radial velocity measurements 
give k = 0.12 (IKitchatinovl l2005l ) . Theoretical simul ations of turbulen t convection predict 
that k should decrease with increasing rotation rate (IBrown et al.l 120041 ). this has been con- 
firmed by observations of starspots on Ceti by t he MOST satellite which yield k = 0.09 
for this solar-like star rotating with P = 8.77 days (IWalker et al.ll2007l ). While sunspots are 
rarely seen with |/3| > 30°, there are indications that younger stars may have spots at any 
latitude. For example, the aforementioned observations of Ceti found 7 spots over the 
range 10° < < 80°. Assuming spots may be uniformly distributed over the surface of a 
star (i.e. uniformly distributed in sin/5), a value of k = 0.09 will yield an RMS spread in 
detected periods of ~ 3%. We adopt this as an estimate for the expected contribution of 
differential rotation to the period uncertainty for stars in M37. 



3.3.2. Color Uncertainties 



There are several effects that contribute to the uncertainty in the color of a star including 
uncertainties in the photometric precision, photometric variability and binarity. All of these 
effects can cause the measured color to differ from the photosphere color of the star (or 
the star with the measured rotation period in the case of a multiple star system). The net 
uncertainty from all of these effects can be determined empirically from the spread of the 
main sequence on a CMD. Following the procedure described in §7, we draw a fiducial main 
sequence by eye through the rotational variables plotted on B — V, V ~ Ic, g — r and g — i 
CMDs. We then calculate for each variable the difference between its observed color and 
the color along the fiducial main sequence interpolated at the V magnitude of the star. The 
data are binned in magnitude and we calculate the RMS of the color residuals for each bin. 
The resulting uncertainties in {B — V)o, {V — Ic)o, g ~ ^ and g — i a.s a. function of absolute 
magnitude are listed in table HI The drop in the RMS of the color residuals at My = 11 for 
(y — Ic)o, g — r and g — i is due to incompleteness in the selection of probable members at 
this magnitude. 
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3.4. Completeness 

Incompleteness in the selection of variable stars can bias the observed period-color and 
period-amplitude distributions. To assess the completeness of our sample of rotation peri- 
ods we conduct Monte Carlo simulations of the variable star selection process. We inject 
sinusoidal variations, and spot signals (generated using the model described in § 13.3.11) into 
the light curves of 1081 stars that pass the cuts used to select candidate cluster members 
discussed in § 13.11 but were not selected as variable stars. For each star we conduct 1000 
simulations. For the sinusoid models we inject signals with random phases, periods uni- 
formly distributed in logarithm between 0.1 and 20.0 days and semi-amplitudes uniformly 
distributed in logarithm between 1 mmag and 0.1 mag. We attempt to recover the injected 
signals using the L-S algorithm in combination with the multi-harmonic AoV algorithm. An 
injected signal is considered to be recovered if it does not have a period falling within one 
of the rejected period bins discussed in Paper II, has a formal L-S false alarm probability 
logarithm that is less than —150 and if the N=l, 2 and 3 periods returned by AoV agree 
with one another to within 10%. To make the problem computationally feasible we use a 
lower period resolution in the L-S algorithm than what we used to select the variables in 
Paper II (we sample at 0.1 times the Nyquist frequency rather than 0.005 times the Nyquist 
frequency) . 

In figure [S] we show the recovery fraction as a function of period and of amplitude for the 
sinusoid injections and the spot model injections while figure |9] shows the recovery fraction 
as a function of magnitude. When we don't apply the multi-harmonic AoV selection, the 
recovery fraction is more or less insensitive to period between 0.1 and 20 days for semi- 
amplitudes larger than 0.01 mag. The recovery fraction for stars brighter than r ~ 20 
is close to 100% for the sine-curve model and is between 80 — 100% for the spot model. 
The recovery fraction drops at a few periods (~ 1 day and 2 — 4 days) due to the period 
rejection that we perform in selecting the variables. For the sinusoid models applying the 
multi-harmonic AoV selection reduces the recovery fraction dramatically to 10 — 20%. This 
is due to the degeneracy between harmonic number and period (i.e. doubling the period and 
setting the amplitude of the first harmonic to one and all other harmonics to zero yields the 
same signal as using the correct period and setting the amplitude of the fundamental to one 
and all harmonics to zero). Because we limit the period search to 20 days, periods longer 
than 10 days cannot be recovered at twice the period or three times the period, and periods 
longer than 7 days cannot be recovered at three times the period. As a result the recovery 
fraction for long periods using the multi-harmonic AoV selection is close to the recovery 
fraction when the AoV selection is not used. For more realistic spot models the degeneracy 
between choosing the fundamental mode with the true period or either of the harmonics with 
a longer period is broken, so applying the multi-harmonic AoV selection does not have as 
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significant an effect on the recovery fraction. In this case the recovery fraction is reduced by 
~ 20% independent of period. Based on the results for the spot model signals we conclude 
that the rotation period-color diagram may be biased toward brighter stars, but at fixed 
magnitude, it is not strongly biased in period due to incompleteness. 



3.5. Field Contamination 

In addition to incompleteness, the presence of field stars may also bias the observed 
period-color and period-amplitude distributions. Based on spectroscopic observations of 
several of the candidate rotational variables that we discuss in §[n]we estimate that ~ 20%, 
or ~ 115 of the stars in our catalog (~ 74 after applying the multi-harmonic AoV selection) 
are field stars. While the field star variables located away from the cluster main sequence on 
a CMD do not show an obvious correlation between color and rotation period (figure [TO|l . we 
cannot infer that the same is true for the field stars near the cluster main sequence since these 
stars generally have different masses and radii. To disentangle the period-color distribution 
of field stars from cluster members would require either a complete spectroscopic survey of 
all the rotational variables, or a time series study of a field off the cluster. Note that the 
estimated contamination fraction is small enough that the conclusions of the paper should 
not be strongly affected by the contamination. 

Out of a total sample of ~ 1450 cluster members with 14.5 < r < 22.3 that we have 
observed, we estimate that ~ 460 are detected as variables, and ~ 220 have semi-amplitudes 
greater than 0.01 mag. Note that we used a stricter x^-based membership selection for choos- 
ing candidate variable cluster members than what was used to estimate the total number 
of surveyed cluster members in Paper I. The number of cluster members that could have 
potentially been selected as variable cluster members is thus likely to be slightly smaller than 
the estimate of ~ 1450. Based on the completeness estimates for spot-model injected light 
curves without multi-harmonic AoV selection, we estimate that we have detected ~ 70% of 
the large-amplitude cluster member variables in this sample, so we estimate that ~ 20% of 
cluster members are variable with semi- amplitudes greater than 0.01 mag. 



3.6. Comparison with the RACE-OC Project 



Messina et al.l (120081 ) have recently presented rotation periods for a number of stars in 



M37 as part of the RAC E-OC project. We fiii d that 91 of the 106 candidate cluster member 
stars listed in table 2 of iMessina et al.l (120081 ) that are not classified as 5-Scuti, RR Lyr or 
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Fig. 8. — The recovery fraction for injected sinusoid (left) and spot (right) models as a 
function of period (top) and amplitude (bottom). We show the results for several magnitudes 
with and without applying the multi-harmonic AoV selection. For the top plot we include 
all simulations with semi-amplitudes greater than 0.01 mag. 
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Fig. 9. — The recovery fraction as a function of magnitude for simulations that have periods 
uniformly distributed in logarithm between 0.1 and 20 days, and semi-amplitudes uniformly 
distributed in logarithm between 0.01 and 0.1 mag. 
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Fig. 10. — r-magnitude and (B — V) vs. Period for variable field stars located away from the 
cluster main sequence on a CMD. We exclude eclipsing binaries and pulsating variables from 
this plot. The period is shown on a linear scale on the left-hand-side and on a logarithmic 
scale on the right-hand-side. Note that no correction for redenning has been applied to the 
colors. 
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eclipsing binaries match to stars in our point source catalog. To do thematching we allow for 
a second-order polynomial transformation from the iMessina et al.l (120081 ) coordinates to our 
coordinates, and match stars within a radius of 5". For sources that match to multiple stars 
in our catalog we choose the match with the smallest magnitude difference. Thirteen of the 15 
unmatched sources lie on a Megacam chip gap, while stars 2835 and 3021 do not lie within 5" 
of any stars in our point source catalog. We have independently detected periodic variability 
for 58 of the 91 matched stars. We classify 38 of these stars as potential cluster members, 
21 ar e not classified as po tential cluster members, while 2 stars do not have BV photometry 
from iKalirai et al.l (120011 ) and are excluded from the catalog of rotating cai ididate cluster 



members presented in this paper. Note that the membership classification by lMessina et al. 



(120081 ) is based on photometry through two filters while our classification utilizes five filters. 
Of the 32 stars that we do not classify as variables, 19 are saturated in more than two-thirds 
of our time-series observations, 11 have a light curve RMS that is higher than the median 
RMS as a function of magnitude, while two have an RMS that is lower than the median 
RMS function of magnitude. 



In figure [TT] we compare our periods to those measured by iMessina et al.l (l2008l ) for 
the 22 matching stars which are included i n our clean sample, w e also compare the resulting 
period- magnitude diagrams. Note that the IMessina et al.l (120081 ) periods are generally shorter 
than the periods that we measure. The period measurements disagree by more than 20% 
for the following 8 stars: V424 (M3208), V589 (M3245), V827 (M2257), V888 (M2395), 
V961 (M3866), V1008 (M2549), V1025 (M2895 ), V1135 (M4134), w here the identification 
listed in parentheses for each star is taken from IMessina et al. J2008h. In each case we find 
that our light curve does not phase at the period reported bv iMessiria et al.l (l2008l) , while 
inspection of the Scargle-periodograms displayed in figures 17-26 of IMessina et al.l (120081 ) 
reveals additional peaks near the periods that we have measured. Note that our light curves 
contain an order of magnitude m ore observations obta ined on more than twice as many 
nights as the light curves used by IMessina et al.l (120081 ). as a result the periods presented 
here are less susceptable to aliasing. 



4. The Period-Color Sequence in M37 



The relation between period and color for the clean sarnple of M37 stars seen in figure [2] 
is similar to that seen for stars in the Hyades (IRadick et al.lll987l ). As we will discuss in §8, 
this sequence provides a powerful test for theories of stellar angular momentum evolution. 
In this section we provide an analytic fit to the period-color relation, and also evaluate the 
spread in rotation periods about this fit as a function of mass. 
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Fig. 11. — (Left) Comparison between the periods presented in this paper (MMT Period) 
and the Lomb-Scargle periods measured by the RACE-OC project for the 22 matching stars 
included in our clean sample. Note that our periods are generally longer than the periods 
measured by the RACE-OC project. (Right) We show the period-magnitude relation for 
the matching stars using the MMT periods (filled circles) and the RACE-OC periods (open 
circles) . 
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The selection of stars in the [B — \^)o-period sequence is shown in figure [T2j We take 
the period uncertainty for each star to be the quadrature sum of the bootstrap error for the 
star, 0.05% to account for errors in the model, and 0.03% to account for differential rotation. 
The color error for each star is interpolated from table |H We fit two models of the form: 



and 



by minimizing the total Xtot 



"X.tot 



P = aun{B - V)o + hun (3) 



P = ^ (4) 

' {B-V)o_Y''' ( {B-V)o_^ 
0.5 ' \ 0.5 



where is the observed {B — V)o value of star i, Xi is the predicted {B — V)q value for 
star i and is treated as a free parameter, ax^i is the uncertainty in {B — V)q for star i, and 
the y values correspond to periods with y{xi) being given by equation [3] or H] for the free a 
and h parameters. 



We use the downhill simplex algorithm (INelder and MeadI Il965l : iPress et al.l Il992l ) to 



fit each relation solving for the a and h parameters as well as the Xi values for each star. 
Note that this is equivalent to minimizing the orthogonal distance between each point 
and the model. The resulting parameters with uncertainties are listed in table O We list the 
la uncertainties from 1000 bootstrap simulations (i.e. simulating data sets by resamphng 
with replacement from the original data set), and from 1000 Monte Carlo simulations (i.e. 
simulating data sets by adjusting each observed x and y value by random variables drawn 
from normal distributions with standard deviations and ay). We find that per degree of 
freedom for the linear and broken power-law relations are given respectively by x^^^ = 3.23 
and Xdof,bpi — 2.48, where there are 242 degrees of freedom. We note, therefore, that we do 
detect a significant spread in rotation period about the main period-color sequence beyond 
what is due to observational uncertainties in the period and color (at the 16a level for the 
broken power-law). This can be seen both from the deviation of Xdof fro^i 1 aiid from the 
fact that the parameter errors from the bootstrap simulations are consistently larger than 
the parameter errors from the Monte Carlo simulations. In table |6] we list the residual RMS 
and per degree of freedom in {B — V)q bins for both the linear and broken power-law 
relations. Note that the spread in period is significant at greater than the 3a level for all 
color bins with {B — V)o < 1.5. 
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Fig. 12. — The selection of stars on the main period-color sequence in M37. Dark points are 
used to plot stars in the sequence, while light points plot stars not on the sequence. The 
dotted lines show the boundaries for this selection. The solid and dashed lines show a linear 
and broken power-law fit to the sequence respectively (equations [3] and HD . 
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5. Comparison With Spectroscopy 

Of the 127 stars for which we obtained spectra with Hectochelle, 41 match to candidate 
rotational variables. Of these, 33 have an average radial velocity that is within 3cr of the 
cluster systemic radial velocity (see Paper I). 

In figure fT3] we show the stars with spectroscopy on the {B — V)o-period relation. Using 
the measured v sin i and rotation periods, together with the stellar radii inferred from the 
best fit YREC isochrone, we can estimate the inclination angle of the rotation axis via: 

. . Pvsini 

Sim = . (6) 

In figure [13] we plot the sine of the angle as a function of [B — V)q for the 33 stars with RV 
consistent with being cluster members. 

For all but three stars in the clean sample the measured values of P and v sin i appear 
to be consistent with the inferred radii since we find values that are consistent with sin i <1. 
The errors on this determination are dominated by the errors on vsmi. 



6. Amplitude Distribution 

Because photometric observations of spotted stars are only sensitive to changes in the 
flux integrated over the visible hemisphere of the star, much of the information on the 
actual surface brightness distribution is lost. Due to well known degeneracies between the 
latitude, area, and temperature of a spot, it is not generally possib le to obtain a unique 



fit to a single- filter light curve using a simple single spot model (e.g. iDorrenI 119871 ). When 
multiple spots are present their individual signals merge into a rather featureless spot-wave. 
Nonetheless, by studying an ensemble of stars it may be possible to gain insight on the 
activity-rotation relation from our data. Moreover, from an observational point of view, 
knowing the distribution of amplitudes is useful for planning purposes since the amplitude 
and period will determine if the rotation period of a star can be measured. 

We calculate the amplitudes for the clean sample of 372 stars using equation [1] with 
N = 2. We take the amplitude (Aj.) to be the peak-to-peak amplitude of the Fourier series. 

As seen in figure [13] the amplitude appears to be anti-correlated with the period and 
positively correlated with the {B — V)q color. There is a fairly steep selection effect, however, 
between the amplitude and (-6 — ^)0 which is caused by the drop in photometric precision 
for fainter stars. Due to the non-trivial relation between period and color, the selection in 
the period-amplitude plane is complicated. 
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Fig. 13. — (Left) Rotation period versus {B — V)o for stars in the clean sample with and with- 
out spectroscopy. (Right) sinz determined via equation E] versus {B — V)o for 19 rotational 
variables in the clean sample with Hectochelle spectra that have an average radial velocity 
consistent with being members of the cluster. The errors are dominated by uncertainties in 
vsini, which are estimated from the scatter in v sini measured on four different nights. The 
dotted line shows sini = 1, points below this line have consistent f sinz, period and radius 
values. 
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To evaluate whether or not the observed correlations are due to selection effects we 
determine for each light curve the minimum amplitude that the signal could have had and 
still have been detected. To do this, we find a such that 



LS{r{t) - (1 - a)r\t), P) = -150 



(7) 



where LS{x, P) is the logarithm of the Lomb-Scargl e (L-S) formal false alarm probability 
for light curve x with period P (see lPress et al.lll992l ). r{t) is the model signal in eq. [H r(t) 
is the observed light curve, and —150 is the selection threshold used to select variables in 
Paper II. For the purposes of this investigation we do not include stars that were not selected 
with L-S; we also reject stars for which no positive a can be found that satisfies eq. [7] as 
these are light curves for which the simple model in eq. [1] does not adequately describe the 
periodic signal. We then take the minimum observable amplitude to be: 



aAr 



Note that we have ignored the by-eye selection that light curves are passed through following 
the selection on L-S. We also caution that stars with light curves that are not well modeled by 
the simple Fourier series will have minimum observable amplitudes that are underestimated. 
The minimum observable amplitudes for each point are also shown in figure [1] 



To evaluate the significance of the apparent correlation in the presence of the selection we 
use Kendell's r (non-pa rametric co r relation statistic) modified for th e case of data suffering 
a one-sided truncation (ITsail Il990l : lEfron and PetrosianI ll992L 119991 ). Letting the data set 
be represented by the set of points {{xi,yi,ymin,i)}, where ymin,i is the minimum value of yi 
that could have been measured for observation i, define the set of comparable pairs 



C = iihj) I Hi > Uminj and yj > ymin,i}- 
Define the risk-set numbers by 

= I yrain,i < 1/j and yi >yj}. 
The normalized correlation statistic is then 



(9) 



(10) 



T = { YI sign((xi-Xj)(?/i-?/j)) I /a 



with the variance of the numerator given by 



N? 



12 



(12) 
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Fig. 14. — The amplitude of the rotational variables is plotted against period and {B — V)o. 
The light colored open circles show the minimum amplitude that each star could have had 
and still have been detected. 
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The statistic is normalized such that a value of T = 1 corresponds to a la rejection of the 
null hypothesis of non-correlation. 

Applying eqOto the (P, Ar) and {{B-V)o, A,) data we find f = -11091 and f = 3900 
respectively. We conclude, therefore, that there is a significant anti-correlation between 
rotation period and amplitude and a positive correlation between {B — V)o and amplitude 
for the lower main sequence stars in this cluster. 



As shown by iNoyes et al.l (119841 ) , there is a tight correlation between stellar activity, 
measured via the ratio of emission in the cores of the Ca 11 H and K lines to the total 
luminosity of the star, and the Rossby nur nber (Rn, the ratio of the rotation period to 



the characteristic time scale of convection). iMessina et al.l (120011 ) find that the light curve 



amplitude also appears to be anti-correlated with Rq- 

To co mpute Rn for each star we use the empirical expression for the convective time- 
scale from lNoyes et al.l (Il984j ) 



f 1.362 - 0.166X + 0.025x2 - 5.323x3, x>0 
^"^"^= 1 1.362 - 0.14X, x<0 

where Tc is the convective time-scale in days and x = 1.0 — {B — V)o. We plot the amplitude of 
the variables against Rq in figure [T5l showing stars with {B — V)o < 1.36 and {B — V)o > 1.36 
separately. For comparison we also show the candidate field rotators from Paper II. 

The anti-correlation between Rq and A^. appears to be steeper for stars with {B — V)o < 
1.36 than for stars with {B — V)o > 1.36. We note that the empirical constraints on 
the convective time-scale are less stringent for redder stars, so the values of Rq are more 
susceptible to systematic errors for {B — V)o > 1.36. Focusing on cluster members with 
{B — V)o < 1.36, the relation between Rq and Ar appears to flatten out, or saturate, for 
stars with Rq < 0.3. There appears to be a dearth of low-amplitude stars with Rq < 0.2, 
note that stars with peak-to-peak amplitudes Ar > 0.02 mag should have been detectable. 
There is also a hint that the relation between Rq and Ar is fiat for Rq > 0.6. Note that as 
seen in figure [TBI many of the stars with Rq > 0.6 fall above the main period-color sequence. 
As we discuss below, it is possible that the periods measured for these stars are not the 
rotation periods but rather the spot-evolution timescales. 

Applying eq[TT]to the {Ro, Ar) data we find T = —16462 for all stars in the clean data 
set, f = -10520 for 233 stars with {B - V)o < 1.36 and f = -1150 for 129 stars with 
{B - V)o > 1.36. For comparison, the {{B - V)o, Ar) data has f = 3846 for {B - V)o < 1.36 
and f = -540 for (5-F)o > 1.36, while the (P, Ar) data has f = -5430 for {B-V)o < 1.36 
and f = -1145 for (P - V)o > 1.36. For (P - V)o < 1.36 the correlation for {Ro,Ar) is 
more significant than for ((P — V)q, Ar) or (P, Ar). 



-32- 



0,05 



^r.i I [,i fi I 1. 1. 1 I 1 4 .1 I 11, 1 I 1% 

X : 



0.05 




fi 'i f 1 1 i: 



CB-VjL > 1.36 - 



p * 



ii r I II 



nun. 



0.15 - 



0.3 0.4 0.6.0,6 1 



Ovl - % 



0.01 r ' 



04 



0.01 ^ 



0.1 - 



I I 1 1 1 1 • — I — I — I I I I J 1 1 



■ * 'Ji 








Co- 



I I \ \ m 








J I 



0.1 



Fig. 15. — The r-band peak-to-peak amplitude Ar is plotted against the Rossby number Rq- 
The top two rows show the sample of clean cluster members that have {B — V)q < 1.36 and 
{B — V)o > 1.36. The bottom row shows the relation for field variables presented in Paper 
II, note that these stars all have {B — V)o < 1.36. The left column is on a linear scale, the 
right column is on a logarithmic scale. The solid points show the measured amplitudes, the 
open circles show the minimum detectable amphtude for each star. Notice that for cluster 
members with {B — V)o < 1.36, Rq and Ar are strongly anti-correlated above Rq > 0.3 
while the relation flattens below Rq < 0.3. Stars with Rq < 0.3 appear to have a minimum 
amplitude of Ar ~ 0.03 mag. Cluster members with {B — V)q > 1.36 show a relatively flat 
relation even above Rq > 0.3. The field stars also show a relatively flat relation. 
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Fig. 16. — Comparison of stars with Rq < 0.6 and Rq > 0.6 on the {B — V)o-P plot. Only 
stars in the clean sample with (B — V)o < 1.36 are shown. The dotted hnes are lines of 
constant Rq- 
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For [B — V)o, Ro < 0.6 the selection on Ar does not appear to bias the {Ro,Ar) 
distribution. We find that the [Rq, Ar) data for cluster members with {B — V)q < 1.36 and 
Rq < 0.6 can be fit with the function: 

0.078 ±0.008 , 

(14) 



1+ ( Rq ) 

~ V0.31±0.02/ 



3.5±0.5 



31±0.02/ 

where the errors listed are the la errors from 1000 bootstrap simulations. Figure [T7| shows 
this relation. We also show the approximate location of the Sun on this diagram, assuming 
a typical large sunspot with an area that is 500 millionths that of the solar disk, a tem- 
perature ratio to th e photosphere of 0.7, the bolonietric corrections for the r-band from 
Girardi et al.l (120041 ) and [B — V)q = 0.656 (iGrayl Il992l ) to convert the bolometric am- 



plitude to an r-band amplitude, a nd the solar equatorial rotation period of 24.79 days 
( iHoward. Gilman and Gilmanl Il984l ) . The error bar shows the approximate range of val- 
ues for the Sun, where the upper limit is for the largest sunspot group observed to date (the 
giant sunspot group of April, 1947 had an area of ~ 60 00 millionths that of the solar disk 
and was large enough to be seen without optical aid, see lTaylorlll989l ). 

As noted above, there appears to be a minimum amplitude of ~ 0.03 mag for stars 
with {B — V)o < 1.36, Rq < 0.2. The fact that there are stars with Rq > 0.3 that 
have amplitudes down to the minimum detectable limits below 0.01 mag shows that this 
is not likely a result of underestimating the minimum detectable amplitude and is likely to 
be a real effect. This indicates that these rapidly rotating stars may have a distribution 
of spot-sizes that is peaked, or that they have several spots. To illustrate this we have 
conducted Monte Carlo simulations of spotted star light curves for four different models 
of the spot-size and spot-number distributions. For the spot-size distribution we either 
fixed the spot area to 1% that of the stellar surface area or we allowed the spot-sizes to be 
uniformly distributed in logarithm between 10~^ times the stellar surface area and 10% of 
the stellar surface area. We calculated models with two spots per star or with ten spots per 
star. For each mo del we simulate 1000 light curves using the latest versi on of the Wilson- 
Devinney program (jWilson fc Devinneylll97ll : lvan Hamme &: Wilsonll2003l ). The simulations 
are conducted assuming a spot to photosphere temperature ratio of 0.7, random orientations 
for the rotation axis, and that the spots are distributed randomly over the surface of the 
star. Figure [TS] shows the distribution of Ar for the model simulations together with the 
observed Ar distribution for stars with {B — V)o < 1.36, Rq < 0.3. While fitting a model to 
the observed distribution is beyond the scope of this paper, we note that the models with a 
fixed spot-size or ten spots per star have peaked Ar distributions whereas the model with a 
broad spot-size distribution and only two spots per star results in a broad Ar distribution 
that is inconsistent with our observations. This suggests that the logarithmic distribution of 
spot filling-factors (i.e. the fraction of the stellar surface that is covered by spots) is peaked. 
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Fig. 17. — The r-band peak-to-peak amplitude Ar is plotted against the Rossby number 
Ro for the sample of clean stars that were selected by L-S and have {B — V)o < 1.36. The 
solid line shows equation [T3] which is a fit to the data with Rq < 0.6. The star shows the 
approximate location of the Sun for a typical large sunspot, while the errorbar indicates the 
approximate upper limit on the amplitude. 
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Fig. 18. — The distribution of peak-to-peak r-band amplitude measurements (Ar) for stars 
with (B — V)o < 1.36, Rq < 0.2 (shaded histogram) compared with model simulations. 
The models have been normahzed to have the same total number of stars as the observed 
distribution. The simulations assume either a fixed spot size that is 1% of the stellar surface 
area or allow the spot-sizes to be uniformly distributed in logarithm between 10^^ times 
the stellar surface area and 10% of the stellar surface area. The simulations also assume 
either two spots per star or ten spots per star. The vertical line indicates the minimum 
detectable amplitude for stars in the cluster. Note that the lack of observed stars with 
0.02 < Aj. < 0.03 indicates that the observed distribution is peaked at Aj. > 0.03 mag. 
Models with a fixed spot-size result in a peaked Aj. distribution whereas models that allow 
a broad spot-size distribution result in a broad Ar distribution that is inconsistent with the 
observations. Increasing the number of spots per star can tighten up the Ar distribution 
when the spot-size distribution is broad. 
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7. The Blue K Dwarf Phenomenon in M37 

It is well known that the K dwarfs in t he Pleiades fall blue ward of a main sequence 



isochrone when plotted on a B — V CMD (see IStauffer et al.ll2003l . hereafter S03). S03 have 



argued that this is due to differences in the spectral energy distribution of the Pleiades stars 
and the field dwarfs which are used to define the main sequence. They argue that this 
difference is due to more significant cool spots and plage areas on the photospheres of the 
young, rapidly rotating, heavily spotted Pleiades stars than are present on the older, slowly 
rotating, less heavily spotted field dwarfs. The plage areas result in excess fiux in the B and 
V bands, while spots cause excess fiux in the near infrared. As evidence for this explanation 
they show that the discrepancy at fixed color between the magn i tude of the Pleiades stars 



and the main sequence isochrone correlates with vsini. I An et al.l (120071 . hereafter A07) have 
also shown that the K dwarfs in the young cluster NGC 2516 are too blue in B — V and that 
the discrepancy correlates with vsini. 

Using our rotation periods we can look for this phenomenon in M37. We first define two 
groups of stars: those which lie on the main color-rotation period band (with the selection 
performed as in §4), and rapid rotators with P < 2 days. In figure [19] we show the locations 
of these two groups of stars on B — V and V — Ic CMDs and in figure [20] we show them on 
g — r and g — i CMDs. The results appear to be similar to that found by S03 and A07. In 
the B — V and g ~ r CMDs the rapid rotators appear to be bluer than the slower rotators 
at a fixed magnitude along the lower main sequence. While in the V — Ic and g — i CMDs 
the rapid rotators are slightly redder at fixed magnitude than the slower rotators. 

To illustrate these effects quantitatively we bin the data by magnitude and plot in 
figures [?ni2^ the rotation period of the variables against the color difference Cobs ~ Cfid where 
Cfid is the color interpolated within a fiducial main sequence, at the V magnitude of the star; 
the fiducial sequence is drawn by eye. We use a fiducial sequence rather than a theoretical 
sequence because the discrepancy between the observed and theoretical sequences varies 
with magnitude, and correlations between period and magnitude could lead to spurious 
correlations between period and color difference. For each bin we calculate the Spearman 
rank-order correlation coefficient (r^) as well as the two-sided significance level of its deviation 
from zero, we ignore uncertainties in the photometry in calculating this statistic. 

As seen in figure [211 there is a significant correlation (greater than 98% significance) 
between period and {B — V)obs — {B — V) fid at fixed V for stars with 6.5 < My < 9.5. Fitting 
a linear relation of the form {B — V)obs — {B — V) fid = mP + h gives a slope of m ~ 0.005 for 
the bin with the most significant correlation detection. When using {V — Ic)o "we find anti- 
correlations with greater than 80% significance between period and (V — Ic)obs — {V — Ic) fid 
for stars with 8.5 < My < 10.5 (figure [22]) . In g — the stars with 6.5 < My < 9.5 or 
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Fig. 19. — Stars located on the main color-rotation period band (filled, light points) and 
rapidly rotating stars with P < 2 days are plotted on B — V and V — Ic CMDs. The bottom 
panels show a close up on the lower main sequence. Along the lower main sequence the 
rapidly rotating stars appear to be slightly bluer in [B — V) at given V and slightly redder 
in {V — Ic) at given V than the slower rotators. 
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Fig. 20. — Same as figure [I9] here we show g ~ r and g — i CMDs. 
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Fig. 21. — Period versus {B — V)obs — {B — V)fid. where {B — V)fid is the color on the 
fiducial main sequence at the V magnitude of each star. This is plotted for stars in different 
My bins (assuming a distance modulus of (m — M)y = 11.572 from Paper I). In each bin 
we calculate the Spearman rank-order correlation coefficient (r^) as well as the two-sided 
significance level of its deviation from zero {P{rs))', we also fit a linear relation of the form 
{B — V)obs — {B — V) fid — mP -\- b listing the slope in each bin. Stars in the magnitude bins 
(6.5 < My < 9.5) show a significant correlation between P and {B — V)obs — {B — V) fid- 
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Fig. 22. — Same as figure [2T1 here {V — Ic)fid is calculated at the V magnitude of the 
stars. In this case stars with 8.5 < My < 10.5 show an anti-correlation between P and 

{V -ic)ohs-{y -ic)fid. 
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Fig. 23. — Same as figure [2T1 this time using g — r. The stars with 6.5 < My < 9.5 or 
10.5 < My < 11.5 show a significant correlation between P and {g — r)obs ~ {g ~ i^)fid- 
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Fig. 24. — Same as figure [21], this time using g — \ 
positive correlation between P and {g — i)obs — {.9 — 
show an anti-correlation. 



i. Stars with 7.5 < My < 8.5 show a 
■ i)fid while stars with 9.5 < My < 10.5 
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10.5 < My < 11.5 show a positive correlation between period and [g — r)obs — {q — ^)fid 
(figure [23]) . Finally in g — stars with 7.5 < My < 8.5 have a positive correlation between 
period and {g — i)obs — {g — i) fid (figure UM while stars with 9.5 < My < 10.5 show a negative 
correlation. 

The positive correlations seen in B — V and g — r, together with the anti-correlations 
in — Jc and g — i for the red stars is consistent with the blue K dwarf phenomenon 
in the Pleiades described by 803. This effect has been seen in the Pleiades and in NGC 
2516 amongst stars with 0.8 < {B - V)o < 1.2 (6 < My < 7.5; see A07). We find that 
this phenomenon extends into the M dwarf regime where {B — V)o saturates at ~ 1.5 mag 
(My > 9.5). 

These observations bear on a well-known problem in the theory of low-mass stars. 
In recent years studies of M-dwarf eclipsing binaries have revealed that these stars have 
r adii that are ~ 10% larger than predict e d by theory (ITorres and Ribas |2g02l:lRibasl l2003l : 



Lopez-Morales fc Ribasll2005l : lRibasll2006l : lTorresll2007f ). Note that the lTorres (2007. ) finding 
is for an M-dwarf orbited by a short-period transiting Neptune- mass planet. The observed 
luminosities of these stars are in good agreement with theoretical predictions, but their 
effective temperatures are lower than predicted. The observed low-mass eclipsing binary 
systems generally have short periods, and it has been suggested that the discrepancy be- 
tween theory a nd observat i ons may be due to enhanced magnetic activity on these rapidly 



rotating stars (lRibasll2006l : [Torres et al.ll2006l : iLopez-Mora. 



es 



2007). There is also evidence 



that the discrepancy may be co rrelated with metallicity (iLopez- Morales! 120071 ). Recently 
Morales. Ribas and Jordil (120071 ) have shown that for fixed luminosity, active stars tend to 
have lower temperatures than inactive stars. This result was based on a sample of isolated 
field stars. 

Our observations show that, at fixed luminosity, rapidly rotating late-K and early-M 
dwarfs tend to be bluer in {B — V) but redder in {V — Ic) than slowly rotating dwarfs. 
Since the bulk of the fiux from these stars is emitted in the near infrared, it is reasonable 
to suppose that the correlation between {V — Ic) and period more closely represents the 
correlation between effective temperature and period for these stars than the correlation 
between {B — V) and the period does. For stars with 8.5 < My < 9.5 we find that the slope 
between {V — Ic) and the period is ~ —0.005 mag/day. Using the best fit YREC isochrone 
for M37 (see Paper I), a difference in {V — Ic) of 0.1 mag (corresponding to a difference 
in period of 20 days, which is comparable to the difference between an old field star and a 
tidally synchronized binary) would result in a ~ 3% difference in effective temperature at 
fixed luminosity, or a ~ 6% difference in radius. This is comparable to, but still slightly less 
than, the radius discrepancy from eclipsing binaries. Since the flux through the V fllter may 
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be slightly enhanced for rapidly rotating stars, it is likely that colors using only near-infrared 
filters will be more strongly anti-correlated with period than {V — Iq) is. Deep near-infrared 
observations of this cluster would confirm or refute this hypothesis. Note that because our 
present sample of stars are all members of the same cluster, we can rule out age effects as 
the source of the color discrepancy. This is a conclusion which is not possible to make using 
samples of field stars. 



8. Angular Momentum Evolution 

By comparing the distribution of stellar rotation periods between star clusters of dif- 
ferent ages we can study the evolution of stellar angular momentum. Both changes in the 
moment of inertia of a star and changes in its angular momentum contribute to changes in 
the rotation period. After ~ 100 Myr stars have settled onto the main sequence and their 
moment of inertia changes very little until they evolve onto the sub-giant branch. During this 
time period the rotation evolution is thought to be dominated by angular momentum loss via 
a magnetized wind. In this section we compare our observations of M37 with observations 
of other open clusters to test a simple model of stellar angular momentum evolution. 



8.1. Data for Other Clusters 



Besides M37, there are four clusters older than ~ 100 Myr that h ave significant, publicly 

available, samples of rotatio n periods; these are the Pleiades (100 M yr jMeynet. Mermilliod and Maeder 
1993[) . NGC 2516 (140 Mvr: lMevnet. Mermilhod and Maedei1 ll993h. M34 (200 Mvr: ljones fc Prossei 



19961 ) and the Hyades (625 Myr; iPerryman et al. Ill998l ). 



8.1.1. Pleiades 

We used the WEBDA databas^ to obtai n the rotation periods for 50 Pleiads; t 



ne 



perio 


Is are compiled from a number of sources ( 


Stauffer et al. 


1987 


; 1 


^rosser et al. 


1993a 1 


3, 


1995; 


M 


arilli. Catalano. and Frasca 


1997; 


Krishnamurthi et al. 


1998: 


TerndruD et al. 


199 


9; 


Messina 


2001; 


Clarke, MacDonald and Owens 


2004; 


Scholz & Eisloffel 


2004 


). For stars with 



multiple periods listed we took the average value. We do not include 11 low- mass stars with 
periods for which optical photometry is unavailable. 



'^http://www.umvie.ac.at/webda/webda.htnil 
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We also used WEB DA to ob tain the photometry for thi s cluster. We took the mean 



photoe 



Iriarte 



ectric BV nieasurements ( Johnson and MorganI 



Stauffer 



19671. 
ijll980|. 



Andruk et al.l 



1991 




1969 





974 



1982 



a 



19951: 



Messina 



Mendoza 
19841: 



1967 



Jones 



1973 



1953 



Robinson and Kraft 



Stauffer and Hartmann 



1987 



Johnson and 
197^^ 



Mitchell 



Landolt 



Prosser. Stauffer and KraftI 



200 ih. K ron VIk measurements Jstauffei)ll982bl. Il984j: iProsser. Stauffer and K 



Stauffer and HartmannI 119871 ) , Johnson VIj measuremen ts (IMendoza 



Landoltl 119791 ) and Johnson- Cousins Via measurements (Stauffer et al 




19671: _ 
Il998h . 



Iriarte 



lowing A07 we converted VIk to VIq using the transformation from 
and VIj to Vic using the transformation given in A07. 

To obtain {B — V)q, {V — Ic)o and My for each star we take E{B - 
(m - M)o = 5.63 (A07). We also assume Ry = 3.1 and E{V - Ic)/E{B 
A07). 



Bessell fc Weis 



Fol- 



(119871 1 



V) - 
-V) 



0.02, and 
= 1.37 (see 



8.1.2. NGC 2516 



The rotation periods for 362 stars in NGC 2516 come from llrwin et al.l (120071 . here- 
after 107). These authors also provide Vic photometry for all of their rotators. We find, 
however, that when adopting E{B — V) = 0.125, (m — M)o = 8.03 for this cluster (A07), 
the {y — Ic)o vs. My lower main sequence falls ~ 0.1 mag to the red of the sequence for 
M37, despite the clust er having a metalhcity of [Fe/H] = -0.07 ± 0.06 (A07) or 0.01 ± 0.07 
jTerndrup et al.ll2002h compared with \Fe/ H] = 0.045 ±0.044 for M37 (Pap e r I). W hen tak- 
ing the Vic photometry f or NGC 2516 from I Jeffries. Thurston and Hamblyi (1200 ll . hereafter 
JOl) or ISung et al.l (120021 ) the sequence is in good agreement with the M37 sequence. We 
therefore transform the photometry from 107 to match the JOl photometry via: 



V 



JOl 



'C,J01 



1.014yf07 - 0.172(\/ - /c)/07 + 0.043 
0.972/c,/o7 + OMO{V - Ic)m + 0.314. 



(15) 
(16) 



Finally there is BV photometry from JOl for 73 of the 107 rotators. 



8.1.3. M34 



The rotation periods for 105 stars in M34 were taken from llrwin et al.l (l2006l . hereafter 
106). We adopt the Vic photometry from this paper as well. The lower main sequence in 
this case appears to be quite compa rable to that for M37 w hen taking E(B — V) = 0.07 
( Canterna. Crawford and Perry 1979) and (m — M)q = 8.38 (jjones &: Prosser 1996). Note 
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that this cluster app ears to be slightly more metal rich than M37, with \FelH\ = +0.07±0.04 
(ISchuler et al.l 120031 ). There is -Bl^ photometry from iJones fc Prosserl (119961 ) for 25 of the 
106 rotators. 



Hyades 



As for the Pleiades we obtained the rotation periods fo r 25 Hyads from WEBDA ; the 
periods are compiled from three sources (iRadick et al.l 119871 . Il995l : iProsser et al.lll995l ) and 
we take the average value for stars with multiple measurements. We al s o take the ayerage 



photoelectric BV photometry (Johnson and Knuckled 19551: Arguel r966l: Eggen Il968l. 



Mendoza 



1977 



1982 



1977; 



1968: van Altena 1969'; 'Sturch 



1972 



Upgren. Weis and H ansoni,1985i:iStaufferlll982a 



1982a 



Weis fc Hanson 1988i: 



Andruk et al 



Upgren. Weis and Hanson 



1985 



Mendoza 



968 



1974 



Robinson and KraftI 11974: lUpgren and Weis 

Herbig. Vrba. and Rydgren 19861: Weis fc Upgren 



1995r). Kyoh VIk photometrv (lUpgren and Weis 



Weis fc Upgren 



1982 



Weis fc Hanson 



1988 



ohnson VI j photornetry (Mendoza 19671; Johnson. MacArthur. and Mitchelll 



Stauffei 



1968 



Sturch 1972; Carney fc Aaronson 19791 ). and Johnson-Cousins Vic photom- 



etry (jReidlll993l ). We transform the VIk and VIj photometry to the Vic system using the 
same relations that we used for the Pleiades. Finally, we adopt E{B — V) = 0.003 ± 0.002 
JCrawfordlll975l: lTavlorlll980l ) and an average distance modulus of (m — M)q = 3.33 ± 0.01 



(IPerryman et al. I ll998h . 



8.2. Comparison of Period- Age Data with Models 

In figure [251 we compare the {B — V)o vs. Period relation for M37 to each of the four 
clusters discussed above. In figure [26] we show the (V — Ic)o vs. Period relation. 

The convergence of stellar rotation periods into a sequence for {B — V)o < 1.3 is clearly 
seen in M37 and the Hyades. A sequence may also be present in the Pleiades and M34 (this 
is more clearly seen in the less complete BV data for M34). The data for NGC 2516 is 
incomplete for stars hotter than {B — V)o ~ 1.3 as the 107 survey was focused on very low 
mass stars. 

The formation of such a sequence can be explained by an angular momentum loss law 
that is a steep function of the an gular frequency. Typically modelers adopt a modified 



Kawaled (119881 ) iV = 1.5 wind law (IChaboyer. Demarque and Pinsonneault|[l995[ ). where N 



is a parameter used in modeling the geometry of the coronal magnetic field of the star and 
can vary between and 2, with N = 3/7 for a dipolar field and N = 2 for a purely radial 
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Fig. 25. — Comparison of the {B — V)o-penod relation between M37 (light open points) and 
(a) the Pleiades, (b) NGC 2516, (c) M34, and (d) the Hyades. Dark filled points are used 
for the other clusters. On the left the periods are plotted on a linear scale, on the right they 
are plotted on a log scale. Note the general evolutionary trend toward longer periods from 
the youngest cluster (the Pleiades) to the oldest cluster (the Hyades). Note that we use only 
the clean sample of stars for M37. 
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Fig. 26. — Same as figure [251 here we show the {V — /(7)o-period relation. 
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field. The general law has the form: 



dJ 



2-N 



M 



-N/3 



-N/3 



M 



1-2N/3 



1-2N/3 



UJ < UJ 



sat 



(17) 



Here ujsat is a saturation angular frequency, which is needed to account for the presence 
of rapid rotators in the Pl eiades. The lea ding constant fkKw determines the overall angu- 



lar momentum loss rate. iKawalerl (Il988l ) gives fkK^ = 2.035 x 10^^(24. 93ii'i 



-l/2x 



in/3 
B ' 



where Ky is the ratio of the wind speed to the escape velocity at a radius of r^, the 
radius out to which the stellar wind co-rotates with the star, and Kb is a constant of 
proportionality between the surface magnetic field strength and the stellar rotation rate. 
Chabover. Demarque and Pinsonneaultl (119951 ) let K^, = 2.036 x 10^^(1.452 x 10^)^ in cgs 
units, for Ky = 1.0 and Kb set to the value obtained from calibration to the solar global 
magnetic field strength, and introduce fk as a dimensionless parameter to account for our 
ignorance of Ky and Kb- For = 1.5 this reduces to 

/ / \ 0.5 / \ -0.5 

dJ 



-Kuj'^ 



R 

Rq 



M 

Mq 

1, 1 / \ 0~.5 / ' \ -0.5 

it 1 -A-.-Lft) (ft) 



^ < ^sat 



(1^ 



where fkKy^ is combined into a single calibration constant K. iBouvierl (119971 ) determined a 
value of = 2.7 x 10^'' g cm^ s by requiring that the law reproduce the rotation frequency 
of the Sun at 4.5 Gyr assuming Ugat = 14^0 for a IMq star. 



For rigid body rotation, the angular frequency obeys the differential equation: 

dui 1 dJ uj dl 
dt I dt I dt 



(19) 



where / is the moment of inertia of the star. He lioseisraology suggests that the rigid body ro- 
tation approximation is reasonable for the Sun (jGoughlll990l ). though it is uncertain whether 
this approximation is valid for younger stars. Previous investigations have found that the 
rigid body approximation reproduces the observed angular velocity distribution of stars older 
than the Pleiades, while models incorporating int ernal differential rotation are needed t o re- 
produce the observations of younger clusters (e.g. ISills. Pinsonneault. fc Terndrupll2000l ). In 
simple models where the core and envelope of the star are assumed to rotate as distinct rigid 
bodies, / and u in equation [19] are replaced with Iconv and Uconv because the magnetic wind 
is tied to the convective envelope. Additional terms are then required to allow for coupling 
between the core and the envelope (see 107). 



In figures [27] and [28] we plot the rotation period as a function of age for stars in the 
clusters presented in figures [25] and [261 Following 107, we show the 10th, and 90th percentile 
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rotation periods for each cluster within color bins. We conduct 1000 bootstrap simulations 
for each cluster to estimate the 1 — a uncertainties on these percentiles. For clusters with 
less than 10 points in a bin, we take the minimum and maximum observed periods in the 
bin as estimates of the 10th and 90th percentiles. We do not show clusters with less than 4 
points in a bin. We include the Sun in the bluest color bins. Note that while the period of 
the Sun (P© = 24.79 days) is very well determined, we do expect stars at the age of the Sun 
to exhibit a range in rotation periods. Based on the models described above, we estimate 
this range to be ~ 1.0 day at 4.5 Gyr. We therefore adopt this as the uncertainty on the 
rotation period of a Sun-like star. 

For each color bin we fit a model given eq. [19] to the 10th and 90th percentile periods 
letting ujq^iq, ujq^qq, K, and Ugat be the free parameters. Here cucio and tu^go are the Uq values 
at to = 100 Myr for the 10th and 90th percentiles respectively. Note that in solving eq. [19] 
we use evolutionary tracks computed with the YREC isochrones (Terndrup et al. 2008, in 
preparation) to determine I and R as functions of M and t. As seen in figure [271 the model 
can reproduce the observed spin-down and convergence of rotation periods for stars with 
0.5 <{B- V)o < 0.7 or 1.1 < (B - V)o < 1.5, however we find that for 0.7 < {B - V)o < 1.1 
(O.76M0 < M < 0.99Mq) the model fails to fit the Pleiades, M34, M37 and the Hyades 
simultaneously with greater than 95% confidence. In this color-range, the models predict a 
greater degree of convergence in the rotation periods at the age of M37 than is observed. The 
models also under-predict the periods of the slowest rotators in M34. When using (V — Ic)o, 
the models for stars with 1.0 < {V - Ic)o < 2.5 (O.56M0 < M < 0.82Mq) fit the M37 
observations, but fail to fit the younger clusters. The difference between the {V — Ic)o and 
{B — V)o data is that the {V — Ic)o data is more complete for M34 and NGC 2516 than the 
{B — V)o data, but is less complete for the Hyades. 

Table [7] gives the parameters for the models displayed in figures |27] and [25] To simplify 
the comparison with the data presented in this paper we list periods rather than angular 
frequencies so that Psat corresponds to uJsat, etc. A few points bear mentioning. The first 
is that the saturation period appears to increase with decreasing stellar mass, as found by 
other authors (e.g. 107). The second is that while there is no clear trend between K and 
stellar mass, we find that to reproduc e M37, the Hya des and the Sun K must be a factor of 



1.2 larger than what was found by iBouvierl (119971 ) 



Throughout this subsection we have implicitely assumed that the samples of stars with 
rotation period measurements are unbiased in period. Given the relation between period and 
amplitude (figure [Hj), however, it is likely that the samples are biased towards short-period 
rotators (though as we saw in § 13.41 any bias in period is relatively minor for the M37 data). 
Since we cannot tell how this bias may differ from sample to sample, it is unclear what 
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Fig. 27. — The rotation period is plotted as a function of age for stars in the clusters presented 
in figure [251 The period-age relation is shown for different {B — V)o color bins. We include 
the Sun, plotted as an open star, in the 0.5 < {B — V)o < 0.7 bin, and assume that this 
is equal to the 10th and 90th percentile of 4.5 Gyr solar-mass stars with an uncertainty of 
~ 1.0 days. The solid points show the 10th and 90th percentile rotation periods for stars 
in each cluster and color bin. We only show clusters that have at least four points in a 
given bin. The 1 — a error bars are estimated by conducting 1000 bootstrap simulations for 
each cluster. The solid lines show a model fit (equation [TIJl) to the 10th and 90th percentile 
periods in each color bin for the Sun and the clusters that have at least 4 points. The dotted 
lines show a fit that is restricted to M37, the Hyades and the Sun (for the bluest color bin) 
only. While the model can reproduce the observed spin-down and convergence of rotation 
periods for stars with 0.5 < {B — V)o < 0.7 or 1.1 < {B — V)o < 1.5, there are noticeable 
discrepancies for stars with 0.7 < {B — V)o < 1.1. We do not attempt to fit the model to 
color bins with fewer than 3 clusters. 
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Fig. 28. — Same as figure ETJ this time for (V — Ic)o- In tliis case tlie model provides a 
good fit to the stars with 0.5 < {V — Ic)o < 1.0 and a reasonable fit to the stars with 
2.0 < {V - Ic)o < 2.5, but fails to fit the stars with 1.0 < {V - Ic)o < 2.0 with greater 
than 95% confidence. Note that for 1.5 < {V — Ic)o < 2.5 the fastest rotators in M34 have 
periods that are signficantly longer than the fastest rotators in M37. This is particularly 
apparent in the 1.5 < (V^ — Ic)o < 2.0 bin. The models cannot reproduce the lack of rapid 
rotators in M34 in these color bins. The models also under-predict the rotation periods of 
the slowest rotators in M34 with 1.0 < — Ic)o < 2.0 and the slowest rotators in NGC 
2516 with 1.5 < {V — Ic)o < 2.0 and over-predict the rotation periods of the slowest rotators 
in the Pleiades with 1.0 < {V — Ic)o < 2.0. We do not attempt to fit the model to color bins 
with fewer than 3 clusters. 
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affect this has on the above conclusions. Given the fairly sharp upper limit on the period 
as a function of mass for M37 and the Hyades, we do not expect the estimates of the 90th 
percentile period measurements for M37 and the Hyades to be substantially different from 
the actual values for {B — V)q < 1.1. We also note that we have not included uncertainties in 
the fundamental cluster parameters in this analysis. Including these uncertainties will reduce 
the signficance of the discrepancy between the models and the observed period distributions. 



9. Discussion 

We have measured rotation periods for 575 candidate members of the open cluster 
M37. This is the largest sample of rotation periods for a cluster older than 100 Myr and 
only the second cluster older than 500 Myr with a large sample of rotation periods (the 
other cluster being the Hyades with 25 stars that have measured periods). As mentioned 
in the introduction, this is the second set of rotation periods published for this cluster. 



Messina et al.l (120081 ) have recently published periods for 122 cluster members. Using this 



data we have investigated the Rossby number-amplitude and period-color distributions. 

We find that for stars with {B — V)q < 1.36 the amplitude and Rossby number are anti- 
correlated, and are related via equation (TH Extrapolating this relation to higher Rossby 
number values, we expect Ar to drop below 1 mmag at Rq ~ 1.1. For a Skumanich spin- 
down, we expect stars to reach this Rossby number at ~ 2 Gyr. We note that stellar activity 
will be a non-negligible effect to consider when conducting surveys for transiting planets with 
amplitudes of ~ 1 mmag (e.g. Neptune-sized planets orbiting sun-sized stars) that orbit stars 
younger than ~ 2 Gyr. However, since the rotation and transit time-scales typically differ by 
~ 2 orders of magnitude, it should be possible to find these planets nonetheless. We also find 
that for stars with Rq < 0.2, {B — V)o < 1.36, the logarithmic distribution of Ar appears 
to be peaked above 0.03 mag which suggests that the distribution of spot filhng-factors is 
peaked for these rapidly rotating stars. 

We have also investigated the effect of rotation on the shape of the main sequence on 
CMDs. We find that at fixed V magnitude rapid rotators tend to lie blueward of slow 
rotators on a. B — V CMD and redward of slow rotators on a V — Ic CMD. This effect, 
seen previously for early K-dwarfs in the Pleiades and NGC 2516, extends down to early 
M-dwarf stars {My < 10.5). We n ote that the relation betw e en V — Ic and rotation period 



is consistent with observations by [Morales. Ribas and Jordil ( 120071 ) who found that at fixed 



luminosity more active M-dwarfs tend to have lower effective temperatures. Our observations 
quantitatively and qualitatively support the hypothesis that the well-known discrepancy 
between the observed and predicted radii and effective temperatures of M-dwarfs is due to 
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stellar activity/rotation and is not an age effect. 

We have also investigated the rotation period-color distribution for this cluster. We find 
that, like the Hyades, the rotation periods of stars in M37 with 0.4 < {B — V)q < 1.0 follow 
a tight sequence. At the blue end of this color range stars have rotation periods of ~ 3 days 
while at the red end stars have rotation period of ~ 10 days. Redward of {B — V)q ~ 1.0 the 
maximum rotation period as a function of color continues to follow this sequence, however 
there is also a broad tail of stars with shorter rotation periods. 

We have identified a group of 4 stars with {B — V)o < 1.2 and P > 15 days that 
fall well above the main period-color sequence. The fact that at least one of these stars, 
V223, is a likely cluster member warrants discussion. If the measured period corresponds 
to the rotation period, this star would pose a significant challenge to the theory of stellar 
angular momentum evolution. While the periods of some of the stars may be shorter than 
the measured values, the light curve of V223 appears to be well-modeled by a sinusoid with a 
period of 18.0±2.9 days (fig. [6]), the star also has a spectroscopic temperature consistent with 
its photometric colors assuming that it is a cluster member and v sini = 4.6 ±4.6 km/s that 
is consistent with a rotation period of 18.0 days. Note that the r-band amplitude of the star, 
0.024 mag, is an order of magnitude higher than the characteristic amplitude extrapolated 
to a Rossby number of 0.82. 

Standard rotation evolution models predict a strong c onvergence of stellar surface ro 



tation rates for a wide range of initial rotation rates (e.g. ISills. Pinsonneault. &: Terndrup 



20001 ). There is no plausible initial rotation rate that would yield a period of 18 days for 
V223, which is more than twice as long as the periods of similar stars on the main period- 
color sequence, at ~ 500 Myr. To explain such a long rotation period the surface of the 
star would have to spin-down very rapidly relative to the other stars in the cluster. This 
may indicate that the internal angular momentum transport varies from star to star as pre- 
dicted by some theoretical mode ls involving magnetic angular momentum transport (e.g. 



Charbonneau &: MacGregorlll993l ). Alternatively the slow rotation of these stars might be 
explained by a threshold effect. For example, stars rotating faster than some threshold may 
have sufficient mixing to erase gravitational settling, while slower rotators cannot prevent a 
/i gradient from being established, and as a result experience core-envelope decoupling. The 
latter explanation would predict a bimodal distribution of rotation periods, while the former 
class of models might produce a continuous spectrum. 

It is also possible that the variation is due to the evolution of permanently visible spots 
(e.g. on the pole of an inclined star), rather than the rotational modulation of spots. In 
that case the measured period corresponds to a spot evolution time-scale rather than to the 
rotation period. 
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Finally, we have combined our observations of M37 with previous observations of the 
Pleiades, NGC 2516, M34, the Hyades, and the Sun to perform a test of a simple theory 
of stellar angular momentum evolution which assumes rigid body rotation and an = 
1.5 wind- model including saturation for short periods. We find that the model provides a 
good fit to the data for stars with 0.5 < {B - V)o < 0.7 (0.99Mq < M < 1.21Mq) or 
1.1 < (5 - V)o < 1.5 (O.53M0 < M < 0.76Mq), but for stars with 0.7 < {B - V)o < 1.1 
(O.76M0 < M < O.99M0) the model fails to fit the Pleiades, M34, M37 and the Hyades 
simultaneously at the 2 — Aa level. In this color-range, the best-fit models predict a greater 
degree of convergence in the rotation periods at the age of M37 than is observed. The 
models also under-predict the periods of the slowest rotators in M34. When using {V — Ic)o, 
the models for stars with 1.0 < {V - Ic)o < 2.0 (O.56M0 < M < 0.82Mq) fit the M37 
observations, but fail to fit the younger clusters. Taking the parameters from the best fit 
models at face value, we find that the saturation period increases with decreasing stellar 
mass, which is consistent with the results from previous studies (see 107). 



Comparing our results to the survey of M37 by lMessina et al.l (120081 ). we note that both 
groups have found that there does not appear to be significant spin-down between M34 and 
M37 for stars with {B — V)q < 1.0, while there is significant spin-down between M37 and 
the Hyades. While the rotation periods and photometry are independent for each group, 
both groups adopt the same fundamental parameters for the clusters. The results from the 
two surveys are thus not independer it against erro r s in t hese parameters. Our survey goes 
more than 2 r nagnitudes dee p er tha n lMessina et al.l (120081 ) (the faintest star with a measured 
period in the iMessina et al.l (120081 ) survey has V ~ 20, while the faintest star in our survey 
has V ~ 22.8), as a result we are able to study the rotati on evolution for late K and early 
M dwarfs as well as late F, G and early K dwarfs (note the lMessina et al.l (120081 ) survey has 
measured periods for early F stars that are saturated in our survey). We find that for later 
spectral-type stars there is a noticeable spin-down between the slowest rotators in M34 and 
M37. 

The survey presented in this paper compliments previous surveys of younger clusters. 
The recent results from the Monitor project, in particular, have provided a wealt h of data for 



testing the r otation evolution of low- mass stars at ages between 5 and 200 Myr (jlrwin et al. 



20061 . l2007l . l2008al lb[). Studying stellar evolution at these young ages yields insight into 
processes such as disk regularization, which may be important for stellar and planetary 
formation theory, and internal differential rotation. Other processes, such as non-saturated 
angular momentum wind-loss are more significant for the older cluster studied in this paper. 

The discrepancies between this simple theory of stellar angular momentum evolution 
and the observed rotation periods of subsolar mass stars in clusters older than ~ 100 Myr 
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may suggest that one or more of the assumptions in the theory is wrong. In particular, it 

may be necessary to relax the assumption that these stars rotate as rigid bodies, or to revise 
the assumed wind model. A detailed test of more complicated models is beyond the scope 
of this paper. Additional observations of the rotation periods of stars in clusters with ages 
> 100 Myr and a thorough treatment of all sources of observational errors are needed to map 
the period-age evolution in detail and understand the physical mechanisms behind angular 
momentum evolution. 
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;13, 
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1, 


.97941311 
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2, 
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0, 
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3, 


.iyOOtytyKJUO 


0, 
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5, 


, yz 1 yuuiz 


0, 


.uuftu 1 yuu 


Q 


1419 


05; 


;53; 


;14, 


,47 


+32:41:27. 


,7 


2 


10, 


.40197291 


0, 


,04093100 


10, 


,40023404 





.02415000 


10 


.43512244 


0, 


,01959500 


10, 


,40023404 





.02169900 


1 


1420 


05: 


:53: 


;14, 


,54 


+32:29:25. 


,7 


6 


10, 


,58064626 


0, 


,36859600 


11, 


,10571225 


0, 


.05109100 


19, 


,55191703 


0, 


,11558500 


19, 


,80082750 


0, 


,83906700 





1424 


05: 


:53: 


:15, 


,32 


+32:33:14, 


,7 


5 


2, 


,90758111 


0, 


,00173400 


2, 


,90193733 


0, 


,00272400 


2, 


,92651659 


0, 


,00180900 


2, 


,91554126 


0, 


,00174800 


1 


1425 


05: 


:53: 


;15, 


,52 


+32:31:34, 


,3 


6 


8, 


,09027308 


0, 


,02360600 


8, 


,01522803 


0, 


,01978500 


8, 


,11983816 


0, 


,01960100 


16, 


,10932159 


0, 


,11776500 





1435 


05: 


:53; 


:16, 


,39 


+32:30:44, 


,3 


6 


8, 


.39597841 


0, 


,04932800 


7, 


,36960436 


0, 


.01924500 


14, 


.32846614 


0, 


,04490000 


14, 


,13316674 


0, 


.09710500 





1439 


05; 


;53; 


;16, 


,72 


+32:29:58. 


,5 


6 


5, 


.60488288 


0, 


,17807700 


5, 


,68581612 


0, 


.01310000 


11, 


.43223080 


0, 


,31579900 


13, 


,51894828 


0, 


.04058700 





1440 


05; 


;53; 


;16. 


,87 


+32:44:51. 


,3 


1 


13, 


.67038642 


0, 


,06915900 


13, 


,69747425 


0, 


.05656900 


13, 


.75805547 


0, 


,05582000 


13, 


,75805547 


0, 


.05276500 


1 


1442 


05; 


;53; 


;16, 


,95 


+32:26:52, 


,7 


7 


7, 


.83488161 


0, 


,03119900 


7, 


,86499444 


0, 


.04268500 


8, 


.26192095 


0, 


,58732700 


8, 


,06902563 


0, 


.33981400 


1 


1443 


05: 


:53: 


;17, 


,08 


+32:42:48, 


,8 


2 


9, 


,21009622 


0, 


,01879700 


9, 


,09298451 


0, 


,01621100 


9, 


,17342967 


0, 


,01554900 


9, 


,17342967 


0, 


,01569300 


1 


1446 


05: 


:53: 


:17, 


,41 


+32:33:39, 


,1 


5 


4, 


,45829104 


0, 


,00604500 


2, 


,26886282 


0, 


,03703900 


4, 


,38857715 


0, 


,00295500 


4, 


,38239240 


0, 


,00300700 





1450 


05: 


:53: 


;17, 


,77 


+32:34:15, 


,1 


5 


8, 


,09532710 


0, 


,13173500 


8, 


,12812484 


0, 


,01821400 


16, 


,08804387 


0, 


,04406100 


16, 


,48986107 


0, 


,06300800 





1451 


05; 


:53; 


:17, 


,87 


+32:26:50, 


,9 


7 


5, 


.83026804 


0, 


,01135500 


5, 


,80870994 


0, 


.01163800 


11, 


.54240760 


0, 


,03696000 


16, 


,86062446 


0, 


,06189900 






''The period from Paper II. 

''The period from the multi-harmonic AoV algorithm, with the specified value of N. 



°A flag that is either 1 or 0. Stars with a value of 1 were included in the clean sample of stars in §5. 
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Table 2. Candidate Cluster Members with Measured Rotation Periods: Magnitudes 



ID 


<r >^ 


RMSr^ 










yd 


r 


^4^- JY— 1 ^ 


min Ar,N—l^ 


j4j- JV— 2 ^ 


min Ar a^— 2^ 


-Aip N=3^ 


min Ar n=3^ 




(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 






25 


16.743 


0.016 


17.548 


16.732 


16.401 


18.064 


17.076 


15.966 


0.027 


0.020 


0.031 


0.024 


0.032 


0.024 


26 


17.341 


0.005 


18.365 


17.344 


16.881 


18.879 


17.735 


16.438 


0.013 


0.006 


0.013 


0.006 


0.014 


0.006 


43 


16.423 


0.007 


17.198 


16.421 


16.074 


17.707 


16.763 


15.637 


0.011 


0.008 


0.013 


0.010 


0.013 


0.009 


47 


18.930 


0.021 


20.303 


18.923 


18.131 


21.125 


19.645 


17.673 


0.051 


0.015 


0.059 


0.012 


0.059 


0.012 


57 


16.972 


0.005 


17.823 


16.974 


16.576 


18.347 


17.325 


16.137 


0.009 


0.005 


0.010 


0.005 


0.011 


0.006 


58 


16.743 


0.006 


17.566 


16.742 


16.311 


18.089 


17.099 


15.871 


0.012 


0.005 


0.014 


0.005 


0.015 


0.005 


61 


19.725 


0.019 


21.366 


19.721 


18.584 


21.958 


20.305 


18.110 


0.045 


0.014 


0.046 


0.014 


0.049 


0.015 


71 


17.444 


0.006 


18.439 


17.445 


16.991 


19.042 


17.877 


16.550 


0.012 


0.006 


0.016 


0.007 


0.016 


0.006 


73 


17.172 


0.012 


18.088 


17.170 


16.780 


18.600 


17.537 


16.341 


0.025 


0.013 


0.029 


0.015 


0.028 


0.014 


78 


20.032 


0.032 


21.658 


20.017 


18.910 


22.306 


20.707 


18.437 


0.076 


0.018 


0.085 


0.022 


0.086 


0.022 


81 


18.322 


0.006 


19.642 


18.319 


17.731 


20.258 


18.864 


17.283 


0.014 


0.006 


0.015 


0.006 


0.015 


0.006 


84 


17.675 


0.012 


18.737 


17.670 


17.204 


19.287 


18.091 


16.762 


0.034 


0.007 


0.033 


0.007 


0.036 


0.008 


86 


18.084 


0.021 


19.221 


18.086 


17.499 


19.733 


18.461 


17.051 


0.062 


0.011 


0.062 


0.010 


0.060 


0.010 


91 


20.552 


0.024 


22.242 


20.553 


19.301 


22.916 


21.242 


18.822 


0.035 


0.025 


0.055 


0.038 


0.054 


0.038 


94 


20.548 


0.018 


22.150 


20.550 


19.309 


22.846 


21.183 


18.829 


0.019 


0.018 


0.023 


0.023 


0.026 


0.025 


98 


19.297 


0.054 


20.905 


19.281 


18.484 


21.500 


19.951 


18.025 


0.164 


0.015 


0.167 


0.015 


0.166 


0.014 


99 


18.046 


0.010 


19.248 


18.043 


17.503 


19.918 


18.620 


17.057 


0.025 


0.009 


0.029 


0.009 


0.031 


0.009 


103 


16.965 


0.005 


17.831 


16.962 


16.606 


18.282 


17.276 


16.169 


0.013 


0.005 


0.013 


0.004 


0.016 


0.005 


104 


17.968 


0.006 


19.157 


17.971 


17.468 


19.679 


18.443 


17.024 


0.012 


0.006 


0.015 


0.007 


0.014 


0.007 


105 


16.973 


0.007 


17.867 


16.973 


16.582 


18.383 


17.338 


16.144 


0.017 


0.006 


0.018 


0.005 


0.018 


0.005 


106 


17.633 


0.008 


18.745 


17.634 


17.127 


19.240 


18.041 


16.683 


0.022 


0.007 


0.023 


0.007 


0.024 


0.007 


115 


18.150 


0.005 


19.406 


18.154 


17.614 


19.958 


18.644 


17.168 


0.009 


0.006 


0.010 


0.006 


0.010 


0.006 


122 


17.937 


0.005 


19.208 


17.936 


17.390 


19.799 


18.504 


16.943 


0.007 


0.006 


0.010 


0.008 


0.011 


0.008 


123 


17.035 


0.011 


17.936 


17.036 


16.644 


18.399 


17.365 


16.205 


0.019 


0.012 


0.025 


0.016 


0.025 


0.016 


124 


19.696 


0.019 


21.264 


19.688 


18.731 


21.920 


20.339 


18.265 


0.047 


0.018 


0.050 


0.019 


0.051 


0.019 


127 


16.665 


0.004 


17.472 


16.664 


16.298 


17.968 


16.996 


15.861 


0.010 


0.005 


0.011 


0.006 


0.011 


0.005 


133 


18.047 


0.005 


19.258 


18.046 


17.535 


19.797 


18.531 


17.090 


0.011 


0.005 


0.013 


0.006 


0.014 


0.006 


139 


17.647 


0.007 


18.737 


17.648 


17.199 


19.285 


18.109 


16.757 


0.018 


0.006 


0.019 


0.006 


0.019 


0.006 


140 


15.569 


0.003 


16.177 


15.569 


15.307 


16.532 


15.791 


14.875 


0.007 


0.004 


0.008 


0.005 


0.008 


0.005 


142 


17.209 


0.016 


18.173 


17.212 


16.695 


18.743 


17.660 


16.250 


0.044 


0.009 


0.046 


0.007 


0.045 


0.006 


143 


19.864 


0.019 


21.454 


19.857 


18.825 


22.109 


20.495 


18.355 


0.038 


0.012 


0.039 


0.012 


0.039 


0.012 


144 


20.903 


0.031 


22.586 


20.899 


19.502 


23.478 


21.613 


19.015 


0.050 


0.031 


0.060 


0.037 


0.059 


0.036 


145 


20.703 


0.021 


22.389 


20.699 


19.412 


23.126 


21.375 


18.930 


0.033 


0.024 


0.036 


0.026 


0.036 


0.027 


151 


16.811 


0.012 


17.682 


16.816 


16.439 


18.115 


17.116 


16.000 


0.029 


0.009 


0.031 


0.010 


0.032 


0.010 



Table 2 — Continued 



ID 




RMSr'° 


9" 






fid 


yd 


r 




min Ar.AT^i* 




min A^,Af=2^ 




min Ar,Ar=3^ 




(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 






153 


20.025 


0.017 


21.722 


20.029 


19.088 


22.238 


20.645 


18.623 


0.041 


0.016 


0.042 


0.017 


0.040 


0.015 


157 


17.687 


0.009 


18.853 


17.688 


17.110 


19.311 


18.094 


16.663 


0.020 


0.007 


0.025 


0.008 


0.026 


0.007 


160 


16.737 


0.008 


17.538 


16.742 


16.403 


17.955 


17.000 


15.967 


0.019 


0.006 


0.021 


0.007 


0.021 


0.006 


161 


16.351 


0.009 


17.098 


16.352 


16.051 


17.514 


16.627 


15.616 


0.015 


0.013 


0.015 


0.013 


0.019 


0.017 


163 


17.483 


0.006 


18.532 


17.482 


17.032 


19.065 


17.894 


16.591 


0.012 


0.007 


0.015 


0.009 


0.016 


0.009 


164 


16.986 


0.009 


17.852 


16.989 


16.592 


18.369 


17.341 


16.153 


0.021 


0.005 


0.021 


0.005 


0.024 


0.006 


165 


20.448 


0.027 


22.126 


20.454 


19.166 


22.828 


21.112 


18.684 


0.061 


0.022 


0.061 


0.022 


0.059 


0.021 


169 


20.814 


0.034 


22.412 


20.835 


19.505 


23.042 


21.441 


19.022 


0.069 


0.028 


0.077 


0.030 


0.078 


0.031 


171 


15.952 


0.005 


16.649 


15.953 


15.631 


17.061 


16.207 


15.195 


0.010 


0.003 


0.012 


0.004 


0.013 


0.004 


174 


18.091 


0.007 


19.358 


18.094 


17.464 


19.839 


18.539 


17.014 


0.013 


0.006 


0.021 


0.008 


0.021 


0.008 


182 


18.076 


0.006 


19.354 


18.077 


17.538 


19.885 


18.574 


17.093 


0.014 


0.005 


0.015 


0.006 


0.021 


0.008 


183 


21.154 


0.030 


22.851 


21.141 


19.637 


23.504 


21.792 


19.145 


0.035 


0.034 


0.045 


0.043 


0.044 


0.042 


187 


18.057 


0.009 


19.430 


18.059 


17.519 


19.851 


18.535 


17.073 


0.018 


0.008 


0.025 


0.002 


0.024 


0.002 


192 


16.755 


0.004 


17.601 


16.756 


16.392 


18.077 


17.094 


15.955 


0.008 


0.004 


0.009 


0.005 


0.010 


0.005 


194 


18.471 


0.008 


19.900 


18.469 


17.845 


20.428 


18.992 


17.395 


0.014 


0.007 


0.020 


0.009 


0.020 


0.009 


198 


18.014 


0.005 


19.265 


18.015 


17.504 


19.830 


18.573 


17.059 


0.012 


0.006 


0.013 


0.006 


0.013 


0.006 


208 


18.570 


0.005 


20.027 


18.570 


17.910 


20.580 


19.144 


17.458 


0.008 


0.007 


0.008 


0.007 


0.009 


0.008 


209 


19.461 


0.009 


21.105 


19.463 


18.566 


21.705 


20.094 


18.104 


0.014 


0.014 


0.015 


0.014 


0.019 


0.018 


211 


16.178 


0.004 


16.877 


16.175 


15.867 


17.414 


16.548 


15.432 


0.008 


0.004 


0.008 


0.004 


0.008 


0.004 


214 


18.184 


0.007 


19.467 


18.184 


17.619 


20.119 


18.789 


17.172 


0.020 


0.007 


0.022 


0.007 


0.022 


0.008 


216 


15.141 


0.004 


15.666 


15.141 


14.885 


16.043 


15.359 


14.453 


0.007 


0.004 


0.007 


0.004 


0.010 


0.006 


218 


17.097 


0.006 


18.038 


17.096 


16.681 


18.482 


17.430 


16.241 


0.016 


0.006 


0.019 


0.006 


0.019 


0.006 


220 


20.227 


0.035 


21.845 


20.242 


18.993 


22.503 


20.900 


18.514 


0.088 


0.019 


0.088 


0.019 


0.094 


0.020 


223 


17.212 


0.010 


18.186 


17.216 


16.768 


18.615 


17.529 


16.327 


0.025 


0.006 


0.024 


0.005 


0.025 


0.006 


229 


16.124 


0.007 


16.881 


16.130 


15.801 


16.972 


16.159 


15.366 


0.014 


0.010 


0.019 


0.012 


0.024 


0.015 


232 


19.151 


0.021 


20.702 


19.161 


18.337 


21.397 


19.863 


17.878 


0.044 


0.017 


0.062 


0.014 


0.059 


0.012 


233 


19.728 


0.013 


21.428 


19.724 


18.706 


22.090 


20.428 


18.238 


0.027 


0.013 


0.034 


0.016 


0.034 


0.016 


234 


16.723 


0.006 


17.559 


16.724 


16.356 


18.081 


17.115 


15.918 


0.010 


0.005 


0.013 


0.007 


0.017 


0.008 


237 


19.335 


0.009 


20.996 


19.334 


18.490 


21.566 


19.987 


18.029 


0.014 


0.009 


0.016 


0.010 


0.016 


0.011 


240 


19.758 


0.010 


21.404 


19.757 


18.798 


22.067 


20.434 


18.332 


0.012 


0.012 


0.013 


0.012 


0.014 


0.013 


241 


18.578 


0.010 


19.984 


18.575 


17.900 


20.556 


19.157 


17.448 


0.027 


0.007 


0.028 


0.007 


0.030 


0.008 


248 


17.683 


0.004 


18.794 


17.682 


17.165 


19.332 


18.123 


16.720 


0.008 


0.005 


0.008 


0.005 


0.011 


0.007 


249 


15.506 


0.003 


16.131 


15.506 


15.221 


16.460 


15.726 


14.787 


0.004 


0.004 


0.004 


0.004 


0.005 


0.005 


251 


16.903 


0.012 


17.772 


16.904 


16.528 


18.234 


17.240 


16.090 


0.018 


0.016 


0.021 


0.017 


0.019 


0.016 



Table 2 — Continued 



ID 




RMSr'° 


9" 






fid 


yd 


r 




min Ar.AT^i* 




min A^,Af=2^ 




min Ar,Ar=3^ 




(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 






253 


17.292 


0.006 


18.295 


17.291 


16.860 


18.791 


17.666 


16.419 


0.013 


0.007 


0.019 


0.008 


0.019 


0.008 


257 


16.127 


0.004 


16.856 


16.127 


15.765 


17.210 


16.367 


15.328 


0.008 


0.004 


0.009 


0.004 


0.011 


0.005 


258 


17.066 


0.003 


18.000 


17.067 


16.680 


18.438 


17.413 


16.242 


0.005 


0.004 


0.005 


0.004 


0.005 


0.004 


261 


18.320 


0.012 


19.7.34 


18.319 


17.616 


20.332 


18.954 


17.163 


0.032 


0.006 


0.031 


0.006 


0.035 


0.007 


262 


17.916 


0.024 


19.195 


17.911 


17.424 


19.610 


18.358 


16.981 


0.068 


0.009 


0.068 


0.009 


0.075 


0.009 


269 


17.327 


0.014 


18.311 


17.324 


16.892 


18.821 


17.719 


16.452 


0.035 


0.003 


0.035 


0.003 


0.035 


0.003 


286 


21.249 


0.045 


22.884 


21.253 


19.767 


23.662 


21.907 


19.276 


0.070 


0.049 


0.083 


0.059 


0.088 


0.062 


287 


18.231 


0.006 


19.608 


18.235 


17.653 


20.111 


18.745 


17.206 


0.011 


0.005 


0.013 


0.006 


0.012 


0.006 


288 


18.535 


0.036 


19.880 


18.538 


17.855 


20.457 


19.114 


17.402 


0.106 


0.017 


0.107 


0.014 


0.105 


0.014 


290 


16.416 


0.005 


17.197 


16.412 


16.061 


17.614 


16.711 


15.625 


0.010 


0.007 


0.012 


0.006 


0.012 


0.006 


292 


15.609 


0.005 


16.241 


15.607 


15.306 


16.564 


15.818 


14.871 


0.010 


0.006 


0.010 


0.006 


0.012 


0.006 


294 


19.185 


0.015 


20.773 


19.180 


18.324 


21.359 


19.773 


17.863 


0.033 


0.015 


0.031 


0.014 


0.034 


0.015 


295 


17.777 


0.005 


19.014 


17.778 


17.211 


19.490 


18.242 


16.764 


0.009 


0.006 


0.014 


0.008 


0.014 


0.008 


298 


17.783 


0.005 


18.949 


17.784 


17.262 


19.411 


18.221 


16.817 


0.008 


0.006 


0.009 


0.007 


0.011 


0.008 


299 


18.706 


0.006 


20.233 


18.705 


18.030 


20.748 


19.289 


17.578 


0.009 


0.007 


0.011 


0.008 


0.016 


0.010 


300 


16.025 


0.005 


16.706 


16.023 


15.690 


17.076 


16.258 


15.254 


0.008 


0.000 


0.010 


0.006 


0.012 


0.008 


303 


18.149 


0.020 


19.483 


18.144 


17.586 


20.010 


18.696 


17.140 


0.060 


0.011 


0.063 


0.010 


0.064 


0.011 


305 


20.137 


0.025 


22.001 


20.140 


19.025 


22.462 


20.783 


18.552 


0.048 


0.022 


0.050 


0.023 


0.049 


0.023 


307 


20.322 


0.030 


22.029 


20.332 


19.143 


22.579 


21.002 


18.666 


0.065 


0.022 


0.070 


0.025 


0.068 


0.023 


311 


18.253 


0.035 


19.564 


18.272 


17.637 


20.125 


18.801 


17.187 


0.103 


0.015 


0.100 


0.012 


0.103 


0.012 


314 


15.507 


0.007 


16.127 


15.510 


15.267 


16.531 


15.779 


14.836 


0.011 


0.009 


0.013 


0.010 


0.016 


0.012 


315 


20.247 


0.016 


21.925 


20.245 


19.195 


22.622 


20.921 


18.724 


0.020 


0.017 


0.022 


0.019 


0.023 


0.020 


318 


19.245 


0.011 


20.909 


19.251 


18.331 


21.535 


19.945 


17.867 


0.017 


0.011 


0.017 


0.011 


0.021 


0.014 


319 


15.952 


0.005 


16.535 


15.952 


15.639 


16.987 


16.178 


15.204 


0.008 


0.006 


0.011 


0.007 


0.011 


0.007 


320 


16.040 


0.009 


16.689 


16.040 


15.737 


17.129 


16.294 


15.302 


0.014 


0.010 


0.014 


0.010 


0.015 


0.010 


321 


20.817 


0.026 


22.459 


20.830 


19.455 


23.149 


21.452 


18.969 


0.033 


0.031 


0.040 


0.038 


0.040 


0.038 


322 


18.302 


0.007 


19.643 


18.302 


17.722 


20.229 


18.850 


17.274 


0.009 


0.008 


0.014 


0.013 


0.014 


0.012 


324 


20.560 


0.021 


22.255 


20.558 


19.249 


23.122 


21.379 


18.767 


0.028 


-0.028 


0.029 


-0.029 


0.027 


-0.027 


326 


19.977 


0.031 


21.624 


19.981 


18.861 


22.244 


20.592 


18.388 


0.077 


0.025 


0.081 


0.023 


0.083 


0.024 


327 


16.229 


0.005 


16.879 


16.230 


15.900 


17.328 


16.456 


15.464 


0.010 


0.004 


0.011 


0.004 


0.012 


0.004 


328 


16.566 


0.005 


17.344 


16.564 


16.172 


17.849 


16.899 


15.733 


0.009 


0.002 


0.011 


0.000 


0.018 


0.003 


332 


20.549 


0.026 


22.226 


20.556 


19.259 


22.925 


21.212 


18.776 


0.061 


0.023 


0.063 


0.024 


0.060 


0.023 


334 


17.772 


0.010 


18.876 


17.772 


17.286 


19.422 


18.211 


16.842 


0.021 


0.008 


0.033 


0.011 


0.0.33 


0.011 


335 


17.557 


0.010 


18.663 


17.559 


17.093 


19.096 


17.941 


16.650 


0.021 


0.009 


0.024 


0.009 


0.024 


0.008 



Table 2 — Continued 



ID 




RMSr'° 


9" 






fid 


yd 


r 




min Ar.AT^i* 




min A^,Af=2^ 




min Ar,Ar=3^ 




(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 






340 


20.670 


0.025 


22.415 


20.663 


19.425 


23.089 


21.383 


18.946 


0.044 


0.024 


0.045 


0.025 


0.045 


0.024 


345 


18.002 


0.007 


19.247 


18.007 


17.519 


19.795 


18.503 


17.075 


0.012 


0.006 


0.013 


0.006 


0.013 


0.006 


348 


17.970 


0.007 


19.184 


17.972 


17.458 


19.745 


18.486 


17.013 


0.015 


0.008 


0.020 


0.008 


0.020 


0.008 


350 


17.751 


0.006 


18.891 


17.755 


17.280 


19.384 


18.182 


16.837 


0.011 


0.006 


0.014 


0.007 


0.015 


0.008 


357 


19.865 


0.013 


21.605 


19.871 


18.870 


22.237 


20.597 


18.402 


0.019 


0.015 


0.021 


0.016 


0.021 


0.016 


359 


16.366 


0.004 


17.075 


16.365 


15.999 


17.560 


16.655 


15.562 


0.005 


0.005 


0.008 


0.007 


0.008 


0.008 


361 


17.642 


0.006 


18.714 


17.643 


17.169 


19.184 


18.016 


16.726 


0.008 


0.007 


0.010 


0.008 


0.011 


0.009 


362 


18.434 


0.014 


19.793 


18.436 


17.836 


20.373 


19.000 


17.387 


0.033 


0.008 


0.046 


0.013 


0.053 


0.014 


363 


16.159 


0.005 


16.904 


16.156 


15.857 


17.340 


16.479 


15.423 


0.014 


0.005 


0.016 


0.005 


0.016 


0.005 


364 


17.233 


0.012 


18.213 


17.234 


16.772 


18.636 


17.555 


16.330 


0.027 


0.011 


0.033 


0.014 


0.043 


0.017 


366 


19.112 


0.008 


20.693 


19.116 


18.340 


21.325 


19.757 


17.883 


0.009 


0.009 


0.010 


0.009 


0.011 


0.010 


368 


20.312 


0.027 


22.000 


20.307 


19.113 


22.734 


21.043 


18.636 


0.060 


0.018 


0.060 


0.018 


0.066 


0.020 


369 


18.890 


0.008 


20.378 


18.888 


18.149 


20.981 


19.546 


17.693 


0.013 


0.008 


0.023 


0.013 


0.022 


0.013 


370 


20.417 


0.024 


22.183 


20.425 


19.208 


22.862 


21.172 


18.730 


0.049 


0.026 


0.053 


0.028 


0.051 


0.026 


373 


16.185 


0.007 


16.933 


16.182 


15.878 


17.380 


16.507 


15.444 


0.012 


0.006 


0.016 


0.007 


0.021 


0.011 


374 


17.687 


0.010 


18.811 


17.688 


17.198 


19.314 


18.125 


16.754 


0.031 


0.007 


0.032 


0.007 


0.035 


0.008 


377 


20.822 


0.025 


22.572 


20.823 


19.542 


23.304 


21.585 


19.061 


0.037 


0.030 


0.042 


0.034 


0.041 


0.033 


378 


17.828 


0.005 


18.968 


17.829 


17.332 


19.496 


18.281 


16.888 


0.009 


0.005 


0.013 


0.007 


0.014 


0.008 


380 


17.539 


0.006 


18.617 


17.535 


17.068 


19.068 


17.924 


16.625 


0.013 


0.006 


0.014 


0.006 


0.015 


0.006 


381 


17.398 


0.007 


18.400 


17.403 


16.916 


18.929 


17.772 


16.472 


0.015 


0.009 


0.020 


0.010 


0.019 


0.010 


387 


17.284 


0.006 


18.209 


17.288 


16.826 


18.724 


17.631 


16.383 


0.011 


0.006 


0.014 


0.007 


0.015 


0.007 


388 


20.684 


0.022 


22.322 


20.676 


19.259 


23.139 


21.423 


18.771 


0.029 


0.025 


0.030 


0.026 


0.033 


0.029 


389 


18.076 


0.017 


19.271 


18.083 


17.499 


19.918 


18.630 


17.051 


0.048 


0.008 


0.046 


0.007 


0.048 


0.007 


394 


18.066 


0.007 


19.395 


18.069 


17.431 


19.956 


18.603 


16.980 


0.014 


0.006 


0.014 


0.006 


0.014 


0.006 


396 


16.794 


0.005 


17.628 


16.795 


16.407 


18.131 


17.128 


15.969 


0.009 


0.006 


0.013 


0.008 


0.013 


0.008 


399 


15.729 


0.006 


16.383 


15.730 


15.413 


16.723 


15.947 


14.978 


0.013 


0.005 


0.014 


0.005 


0.014 


0.005 


402 


16.364 


0.006 


17.136 


16.366 


16.010 


17.629 


16.694 


15.573 


0.017 


0.005 


0.017 


0.004 


0.017 


0.004 


404 


18.149 


0.032 


19.160 


18.142 


17.645 


19.860 


18.593 


17.201 


0.086 


0.014 


0.089 


0.013 


0.087 


0.013 


406 


21.343 


0.039 


23.061 


21.356 


19.867 


23.779 


22.045 


19.376 


0.061 


0.053 


0.076 


0.066 


0.077 


0.066 


409 


18.080 


0.006 


19.352 


18.081 


17.471 


19.886 


18.594 


17.022 


0.010 


0.007 


0.014 


0.009 


0.016 


0.010 


410 


17.516 


0.010 


18.577 


17.511 


17.031 


19.170 


18.000 


16.588 


0.026 


0.007 


0.031 


0.009 


0.030 


0.008 


413 


18.210 


0.007 


19.523 


18.217 


17.621 


20.123 


18.757 


17.172 


0.013 


0.007 


0.017 


0.008 


0.017 


0.009 


414 


19.286 


0.012 


20.901 


19.283 


18.431 


21.503 


19.912 


17.970 


0.022 


0.000 


0.027 


0.019 


0.035 


0.016 


415 


17.176 


0.009 


18.179 


17.176 


16.796 


18.634 


17.553 


16.358 


0.019 


0.009 


0.024 


0.012 


0.024 


0.011 
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ID 




RMSr'° 


9" 






fid 


yd 


r 




min Ar.AT^i* 




min A^,Af=2^ 




min Ar,Ar=3^ 




(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 






416 


19.511 


0.042 


21.107 


19.483 


18.554 


21.690 


20.121 


18.089 


0.117 


0.014 


0.118 


0.013 


0.120 


0.013 


417 


17.341 


0.009 


18.320 


17.346 


16.902 


18.844 


17.736 


16.460 


0.023 


0.008 


0.026 


0.006 


0.024 


0.006 


418 


19.220 


0.008 


20.862 


19.221 


18.329 


21.496 


19.886 


17.867 


0.010 


0.010 


0.015 


0.014 


0.016 


0.015 


420 


18.768 


0.035 


20.130 


18.794 


18.064 


21.958 


20.380 


17.609 


0.096 


-0.096 


0.099 


-0.099 


0.098 


-0.098 


421 


20.991 


0.029 


22.704 


20.985 


19.626 


23.437 


21.715 


19.141 


0.028 


-0.028 


0.027 


-0.027 


0.029 


-0.029 


422 


16.902 


0.012 


17.722 


16.902 


16.511 


18.230 


17.210 


16.072 


0.034 


0.007 


0.034 


0.006 


0.035 


0.006 


424 


16.031 


0.006 


16.689 


16.034 


15.728 


17.131 


16.309 


15.293 


0.010 


0.007 


0.010 


0.007 


0.011 


0.007 


426 


15.762 


0.009 


16.353 


15.764 


15.440 


16.773 


15.991 


15.005 


0.021 


0.007 


0.027 


0.010 


0.028 


0.010 


428 


20.207 


0.020 


21.923 


20.213 


19.073 


22.597 


20.933 


18.598 


0.040 


0.019 


0.054 


0.024 


0.053 


0.024 


430 


15.892 


0.005 


16.554 


15.890 


15.595 


16.914 


16.114 


15.161 


0.010 


0.005 


0.010 


0.004 


0.012 


0.005 


432 


16.605 


0.005 


17.389 


16.604 


16.269 


17.876 


16.936 


15.833 


0.009 


0.006 


0.011 


0.007 


0.010 


0.006 


434 


18.507 


0.021 


19.910 


18.497 


17.868 


20.408 


18.997 


17.418 


0.060 


0.007 


0.063 


0.007 


0.062 


0.007 


438 


18.984 


0.018 


20.553 


18.990 


18.256 


21.038 


19.559 


17.801 


0.035 


0.019 


0.037 


0.017 


0.045 


0.024 


442 


16.733 


0.008 


17.505 


16.731 


16.334 


18.010 


17.036 


15.896 


0.021 


0.010 


0.021 


0.004 


0.023 


0.005 


448 


17.266 


0.011 


18.217 


17.267 


16.825 


18.728 


17.630 


16.383 


0.019 


0.013 


0.020 


0.014 


0.020 


0.013 


450 


16.091 


0.005 


16.775 


16.091 


15.764 


17.249 


16.393 


15.328 


0.013 


0.004 


0.014 


0.004 


0.014 


0.004 


453 


21.361 


0.038 


23.041 


21.360 


19.876 


23.709 


22.010 


19.385 


0.023 


-0.023 


0.034 


-0.034 


0.036 


-0.036 


454 


17.393 


0.009 


18.404 


17.391 


16.945 


18.926 


17.804 


16.504 


0.011 


0.011 


0.012 


0.012 


0.018 


0.018 


463 


18.683 


0.006 


20.155 


18.688 


17.978 


20.718 


19.266 


17.524 


0.010 


0.009 


0.013 


0.012 


0.013 


0.012 


464 


16.233 


0.003 


16.926 


16.235 


15.889 


17.442 


16.560 


15.452 


0.004 


0.003 


0.007 


0.006 


0.006 


0.005 


467 


20.481 


0.021 


22.172 


20.490 


19.220 


22.716 


21.109 


18.739 


0.037 


0.025 


0.053 


0.033 


0.053 


0.033 


468 


20.574 


0.040 


22.253 


20.581 


19.203 


23.014 


21.259 


18.718 


0.105 


0.025 


0.106 


0.026 


0.106 


0.026 


469 


16.403 


0.005 


17.110 


16.407 


16.040 


17.594 


16.696 


15.602 


0.009 


0.006 


0.011 


0.006 


0.010 


0.006 


470 


16.168 


0.004 


16.895 


16.168 


15.842 


17.339 


16.480 


15.407 


0.007 


0.004 


0.008 


0.005 


0.010 


0.006 


471 


15.595 


0.004 


16.162 


15.595 


15.278 


16.568 


15.817 


14.843 


0.008 


0.004 


0.009 


0.004 


0.009 


0.004 


472 


21.191 


0.028 


22.939 


21.187 


19.781 


23.587 


21.890 


19.293 


0.024 


-0.024 


0.025 


-0.025 


0.022 


-0.022 


476 


21.456 


0.044 


23.169 


21.481 


19.933 


23.840 


22.089 


19.439 


0.063 


0.054 


0.067 


0.056 


0.067 


0.057 


478 


17.945 


0.009 


19.158 


17.944 


17.421 


19.691 


18.443 


16.976 


0.020 


0.009 


0.020 


0.008 


0.021 


0.008 


480 


18.503 


0.010 


19.927 


18.509 


17.795 


20.471 


19.070 


17.340 


0.025 


0.012 


0.030 


0.013 


0.032 


0.014 


481 


19.148 


0.032 


20.640 


19.161 


18.321 


21.354 


19.821 


17.861 


0.080 


0.025 


0.085 


0.024 


0.091 


0.024 


482 


15.217 


0.003 


15.711 


15.217 


14.941 


16.149 


15.447 


14.508 


0.005 


0.004 


0.005 


0.004 


0.006 


0.004 


483 


15.475 


0.003 


16.027 


15.477 


15.187 


16.467 


15.725 


14.753 


0.006 


0.004 


0.009 


0.007 


0.010 


0.007 


486 


16.697 


0.005 


17.566 


16.703 


16.276 


18.034 


17.046 


15.836 


0.010 


0.006 


0.013 


0.000 


0.018 


0.000 


487 


17.938 


0.009 


19.195 


17.944 


17.398 


19.677 


18.405 


16.951 


0.015 


0.010 


0.020 


0.012 


0.021 


0.012 



Table 2 — Continued 



ID 




RMSr'° 


9" 






fid 


yd 


r 




min Ar.AT^i* 




min A^,Af=2^ 




min Ar,Ar=3^ 




(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 






489 


20.841 


0.030 


22.501 


20.856 


19.415 


23.284 


21.557 


18.926 


0.061 


0.034 


0.069 


0.038 


0.073 


0.040 


491 


17.816 


0.008 


18.956 


17.817 


17.271 


19.544 


18.278 


16.825 


0.021 


0.007 


0.023 


0.006 


0.022 


0.006 


493 


16.663 


0.005 


17 All 


16.664 


16.270 


17.933 


16.961 


15.831 


0.010 


0.006 


0.011 


0.006 


0.012 


0.007 


494 


18.972 


0.008 


20.553 


18.971 


18.125 


21.160 


19.614 


17.664 


0.011 


0.011 


0.012 


0.011 


0.011 


0.011 


495 


17.199 


0.009 


18.086 


17.199 


16.807 


18.685 


17.607 


16.368 


0.022 


0.008 


0.023 


0.008 


0.026 


0.009 


499 


17.871 


0.005 


19.090 


17.873 


17.384 


19.615 


18.380 


16.941 


0.008 


0.006 


0.011 


0.007 


0.012 


0.008 


500 


16.132 


0.006 


16.828 


16.131 


15.793 


17.299 


16.430 


15.357 


0.013 


0.005 


0.016 


0.006 


0.016 


0.006 


501 


20.346 


0.030 


22.056 


20.344 


19.170 


22.707 


21.025 


18.694 


0.065 


0.021 


0.069 


0.019 


0.065 


0.020 


502 


17.746 


0.008 


18.896 


17.748 


17.253 


19.394 


18.193 


16.809 


0.020 


0.008 


0.021 


0.008 


0.024 


0.010 


503 


20.245 


0.019 


22.028 


20.234 


19.151 


22.565 


20.933 


18.680 


0.037 


0.020 


0.038 


0.020 


0.044 


0.023 


505 


17.739 


0.008 


18.901 


17.737 


17.221 


19.354 


18.142 


16.776 


0.016 


0.009 


0.017 


0.009 


0.018 


0.010 


506 


21.853 


0.056 


23.537 


21.850 


20.162 


24.194 


22.458 


19.662 


0.090 


0.060 


0.093 


0.063 


0.097 


0.066 


517 


17.856 


0.011 


18.967 


17.855 


17.328 


19.586 


18.356 


16.883 


0.030 


0.007 


0.032 


0.007 


0.032 


0.007 


519 


19.779 


0.013 


21.465 


19.780 


18.646 


22.151 


20.487 


18.172 


0.022 


0.015 


0.025 


0.017 


0.024 


0.016 


521 


18.700 


0.006 


20.211 


18.701 


17.994 


20.770 


19.319 


17.541 


0.009 


0.008 


0.011 


0.009 


0.011 


0.009 


522 


17.383 


0.006 


18.405 


17.383 


16.969 


18.921 


17.804 


16.529 


0.010 


0.007 


0.015 


0.011 


0.015 


0.010 


524 


21.645 


0.040 


23.353 


21.640 


20.042 


24.031 


22.327 


19.546 


0.029 


-0.029 


0.033 


-0.033 


0.033 


-0.033 


527 


21.538 


0.050 


23.184 


21.541 


19.968 


23.951 


22.194 


19.472 


0.066 


0.060 


0.078 


0.071 


0.086 


0.079 


528 


18.793 


0.006 


20.317 


18.797 


18.110 


20.847 


19.391 


17.657 


0.010 


0.008 


0.012 


0.010 


0.012 


0.010 


529 


20.233 


0.017 


21.957 


20.235 


19.064 


22.646 


20.970 


18.588 


0.031 


0.021 


0.038 


0.026 


0.038 


0.026 


531 


21.352 


0.042 


23.152 


21.351 


19.878 


23.985 


22.154 


19.388 


0.053 


0.048 


0.054 


0.049 


0.061 


0.055 


539 


21.355 


0.040 


23.049 


21.364 


19.803 


23.651 


21.882 


19.308 


0.055 


0.050 


0.059 


0.054 


0.065 


0.060 


546 


16.451 


0.006 


17.247 


16.453 


16.077 


17.676 


16.743 


15.639 


0.012 


0.005 


0.012 


0.005 


0.012 


0.005 


548 


20.304 


0.018 


21.956 


20.312 


19.077 


22.872 


21.119 


18.598 


0.032 


0.026 


0.036 


0.028 


0.036 


0.028 


550 


17.252 


0.014 


18.231 


17.256 


16.812 


18.785 


17.655 


16.370 


0.039 


0.008 


0.038 


0.006 


0.039 


0.006 


552 


15.989 


0.007 


16.645 


15.987 


15.667 


17.079 


16.256 


15.232 


0.016 


0.007 


0.016 


0.006 


0.016 


0.006 


553 


17.805 


0.007 


18.935 


17.808 


17.286 


19.462 


18.255 


16.841 


0.016 


0.006 


0.019 


0.007 


0.020 


0.007 


555 


18.319 


0.020 


19.649 


18.284 


17.655 


20.178 


18.838 


17.205 


0.049 


0.016 


0.052 


0.015 


0.050 


0.015 


556 


16.978 


0.014 


17.899 


16.984 


16.538 


18.351 


17.340 


16.097 


0.041 


0.011 


0.041 


0.010 


0.043 


0.011 


558 


16.729 


0.007 


17.575 


16.729 


16.367 


18.088 


17.118 


15.930 


0.014 


0.007 


0.016 


0.007 


0.019 


0.009 


561 


18.592 


0.009 


19.997 


18.595 


17.875 


20.503 


19.096 


17.420 


0.020 


0.010 


0.023 


0.012 


0.022 


0.011 


563 


19.840 


0.023 


21.532 


19.839 


18.723 


22.057 


20.489 


18.249 


0.039 


0.026 


0.044 


0.028 


0.046 


0.029 


564 


17.065 


0.006 


17.959 


17.062 


16.625 


18.447 


17.411 


16.184 


0.009 


0.007 


0.012 


0.008 


0.023 


0.013 


565 


17.352 


0.006 


18.370 


17.351 


16.900 


18.868 


17.748 


16.459 


0.013 


0.006 


0.015 


0.006 


0.016 


0.006 



Table 2 — Continued 



ID 




RMSr'° 


9" 






fid 


yd 


r 




min Ar.AT^i* 




min A^,Af=2^ 




min Ar,Ar=3^ 




(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 






567 


22.014 


0.064 


23.663 


22.007 


20.368 


24.327 


22.600 


19.869 


0.087 


0.064 


0.136 


0.095 


0.312 


0.226 


571 


18.202 


0.007 


19.531 


18.205 


17.637 


20.052 


18.695 


17.189 


0.010 


0.009 


0.017 


0.013 


0.020 


0.017 


572 


17.881 


0.007 


19.019 


17.882 


17.350 


19.636 


18.373 


16.904 


0.014 


0.006 


0.016 


0.007 


0.016 


0.007 


573 


17.055 


0.012 


17.955 


17.054 


16.617 


18.475 


17.411 


16.176 


0.031 


0.008 


0.032 


0.007 


0.033 


0.007 


576 


19.353 


0.009 


21.012 


19.356 


18.483 


21.630 


20.013 


18.021 


0.013 


0.009 


0.013 


0.010 


0.013 


0.010 


579 


18.367 


0.016 


19.646 


18.371 


17.675 


20.209 


18.874 


17.221 


0.045 


0.008 


0.045 


0.006 


0.047 


0.006 


580 


16.753 


0.006 


17.568 


16.751 


16.337 


18.056 


17.065 


15.897 


0.012 


0.007 


0.013 


0.007 


0.012 


0.007 


582 


20.380 


0.028 


22.085 


20.373 


19.166 


22.743 


21.031 


18.689 


0.070 


0.026 


0.077 


0.023 


0.079 


0.026 


586 


15.962 


0.004 


16.611 


15.961 


15.609 


17.088 


16.259 


15.172 


0.007 


0.005 


0.008 


0.007 


0.011 


0.009 


587 


16.568 


0.022 


17.378 


16.572 


16.051 


17.892 


16.906 


15.606 


0.057 


0.013 


0.053 


0.011 


0.053 


0.011 


589 


16.930 


0.009 


17.869 


16.927 


16.528 


18.274 


17.261 


16.089 


0.023 


0.007 


0.029 


0.007 


0.030 


0.007 


592 


17.094 


0.005 


17.994 


17.093 


16.663 


18.517 


17.471 


16.223 


0.010 


0.005 


0.013 


0.007 


0.014 


0.007 


594 


17.839 


0.006 


19.055 


17.838 


17.317 


19.567 


18.306 


16.872 


0.012 


0.007 


0.018 


0.008 


0.018 


0.008 


596 


16.761 


0.013 


17.641 


16.768 


16.400 


18.109 


17.116 


15.963 


0.0.34 


0.008 


0.034 


0.008 


0.036 


0.008 


598 


15.748 


0.006 


16.325 


15.745 


15.427 


16.789 


15.992 


14.992 


0.012 


0.007 


0.015 


0.008 


0.019 


0.009 


600 


16.744 


0.009 


17.601 


16.750 


16.333 


18.043 


17.050 


15.893 


0.023 


0.006 


0.024 


0.006 


0.025 


0.006 


602 


17.858 


0.007 


19.004 


17.863 


17.326 


19.540 


18.282 


16.880 


0.012 


0.000 


0.018 


0.012 


0.017 


0.011 


603 


18.004 


0.008 


19.190 


18.005 


17.488 


19.635 


18.402 


17.043 


0.015 


0.005 


0.023 


0.007 


0.025 


0.007 


604 


18.892 


0.018 


20.403 


18.888 


18.130 


20.907 


19.435 


17.674 


0.034 


0.025 


0.036 


0.025 


0.035 


0.024 


606 


16.337 


0.007 


17.068 


16.337 


15.989 


17.481 


16.580 


15.552 


0.018 


0.006 


0.020 


0.006 


0.020 


0.006 


607 


16.423 


0.003 


17.251 


16.424 


16.033 


17.632 


16.701 


15.594 


0.004 


0.003 


0.004 


0.004 


0.005 


0.005 


608 


16.442 


0.006 


17.180 


16.443 


16.101 


17.658 


16.734 


15.664 


0.017 


-0.017 


0.019 


-0.019 


0.018 


-0.018 


611 


17.576 


0.011 


18.677 


17.582 


17.069 


19.169 


17.984 


16.624 


0.030 


0.009 


0.033 


0.010 


0.033 


0.010 


612 


17.263 


0.005 


18.227 


17.262 


16.849 


18.730 


17.644 


16.410 


0.009 


0.007 


0.010 


0.006 


0.010 


0.006 


614 


16.489 


0.005 


17.221 


16.490 


16.105 


17.679 


16.755 


15.666 


0.009 


0.007 


0.012 


0.009 


0.010 


0.006 


619 


19.336 


0.009 


20.969 


19.345 


18.350 


21.656 


20.014 


17.882 


0.011 


0.010 


0.011 


0.010 


0.011 


0.010 


620 


17.819 


0.004 


18.930 


17.822 


17.259 


19.479 


18.260 


16.812 


0.008 


0.007 


0.009 


0.007 


0.009 


0.008 


622 


17.970 


0.005 


19.150 


17.970 


17.401 


19.739 


18.459 


16.953 


0.007 


0.003 


0.012 


0.012 


0.019 


0.019 


623 


20.132 


0.018 


21.905 


20.124 


18.981 


22.596 


20.873 


18.506 


0.027 


0.020 


0.032 


0.020 


0.049 


0.034 


625 


20.230 


0.022 


21.948 


20.240 


19.081 


22.405 


20.810 


18.606 


0.032 


0.031 


0.041 


0.000 


0.053 


0.006 


626 


15.790 


0.005 


16.472 


15.792 


15.455 


16.827 


16.014 


15.018 


0.008 


0.005 


0.009 


0.006 


0.010 


0.006 


627 


20.881 


0.032 


22.552 


20.891 


19.517 


23.200 


21.492 


19.031 


0.068 


0.040 


0.070 


0.042 


0.067 


0.040 


629 


18.901 


0.011 


20.519 


18.906 


18.147 


21.081 


19.552 


17.691 


0.025 


0.009 


0.027 


0.009 


0.032 


0.011 


633 


18.268 


0.006 


19.571 


18.269 


17.690 


20.187 


18.839 


17.242 


0.009 


0.007 


0.009 


0.007 


0.013 


0.007 



Table 2 — Continued 



ID 




RMSr'° 


9" 






fid 


yd 


r 




min Ar.AT^i* 




min A^,Af=2^ 




min Ar,Ar=3^ 




(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 






634 


19.895 


0.034 


21.604 


19.881 


18.882 


22.418 


20.726 


18.415 


0.089 


0.019 


0.097 


0.019 


0.100 


0.019 


635 


17.066 


0.009 


17.927 


17.070 


16.596 


18.461 


17.407 


16.153 


0.023 


0.006 


0.023 


0.006 


0.026 


0.006 


638 


19.150 


0.007 


20.839 


19.155 


18.340 


21.351 


19.749 


17.881 


0.010 


0.009 


0.010 


0.009 


0.012 


0.011 


639 


17.393 


0.004 


18.457 


17.397 


16.914 


18.943 


17.782 


16.471 


0.006 


0.004 


0.009 


0.006 


0.010 


0.007 


643 


15.863 


0.005 


16.499 


15.865 


15.532 


16.974 


16.141 


15.096 


0.011 


0.007 


0.012 


0.005 


0.012 


0.006 


645 


20.271 


0.023 


22.016 


20.266 


19.108 


22.695 


21.002 


18.632 


0.046 


0.028 


0.051 


0.026 


0.057 


0.030 


646 


20.556 


0.020 


22.320 


20.562 


19.323 


22.929 


21.263 


18.844 


0.042 


0.026 


0.040 


0.025 


0.040 


0.025 


647 


19.499 


0.010 


21.143 


19.501 


18.581 


21.844 


20.173 


18.116 


0.015 


0.011 


0.016 


0.012 


0.016 


0.012 


650 


17.328 


0.011 


18.302 


17.325 


16.879 


18.860 


17.751 


16.438 


0.028 


0.007 


0.029 


0.007 


0.029 


0.007 


651 


15.546 


0.003 


16.088 


15.546 


15.253 


16.521 


15.777 


14.819 


0.005 


0.004 


0.007 


0.006 


0.007 


0.006 


654 


19.188 


0.009 


20.849 


19.183 


18.358 


21.437 


19.832 


17.898 


0.014 


0.009 


0.017 


0.011 


0.017 


0.011 


658 


20.173 


0.020 


21.852 


20.183 


19.075 


22.489 


20.883 


18.602 


0.035 


0.019 


0.036 


0.021 


0.037 


0.021 


661 


16.911 


0.004 


17.785 


16.910 


16.497 


18.242 


17.236 


16.058 


0.007 


0.004 


0.008 


0.004 


0.010 


0.005 


662 


20.466 


0.018 


22.200 


20.470 


19.197 


22.913 


21.240 


18.716 


0.026 


0.020 


0.027 


0.021 


0.031 


0.024 


663 


16.698 


0.009 


17.482 


16.694 


16.325 


17.987 


17.029 


15.887 


0.025 


0.006 


0.024 


0.005 


0.023 


0.005 


664 


17.812 


0.016 


18.877 


17.810 


17.273 


19.410 


18.198 


16.827 


0.036 


0.017 


0.036 


0.017 


0.044 


0.019 


666 


15.954 


0.004 


16.682 


15.953 


15.592 


17.088 


16.236 


15.155 


0.007 


0.005 


0.008 


0.006 


0.011 


0.008 


669 


20.887 


0.033 


22.542 


20.880 


19.576 


23.175 


21.481 


19.093 


0.050 


0.035 


0.051 


0.035 


0.050 


0.035 


670 


15.848 


0.006 


16.507 


15.851 


15.533 


16.944 


16.130 


15.097 


0.011 


0.006 


0.011 


0.006 


0.013 


0.007 


673 


18.239 


0.006 


19.521 


18.238 


17.624 


20.103 


18.744 


17.175 


0.010 


0.006 


0.010 


0.006 


0.011 


0.007 


675 


16.685 


0.009 


17.475 


16.688 


16.289 


17.934 


16.957 


15.850 


0.025 


0.006 


0.026 


0.006 


0.026 


0.006 


676 


18.134 


0.007 


19.460 


18.138 


17.491 


19.981 


18.637 


17.040 


0.015 


0.006 


0.016 


0.006 


0.016 


0.006 


680 


17.291 


0.004 


18.203 


17.291 


16.814 


18.741 


17.644 


16.371 


0.004 


0.004 


0.005 


0.005 


0.008 


0.008 


685 


17.778 


0.010 


18.931 


17.774 


17.273 


19.452 


18.243 


16.829 


0.024 


0.010 


0.023 


0.009 


0.024 


0.009 


686 


17.636 


0.011 


18.784 


17.640 


17.107 


19.280 


18.073 


16.661 


0.030 


0.007 


0.032 


0.007 


0.033 


0.008 


689 


17.815 


0.034 


19.005 


17.819 


17.504 


19.592 


18.376 


17.069 


0.099 


0.011 


0.110 


0.011 


0.108 


0.010 


691 


19.950 


0.028 


21.457 


19.954 


18.859 


22.023 


20.453 


18.387 


0.050 


0.040 


0.083 


0.015 


0.097 


0.000 


697 


19.193 


0.012 


20.760 


19.194 


18.368 


22.913 


21.536 


17.908 


0.027 


0.015 


0.028 


0.015 


0.028 


0.015 


702 


17.340 


0.011 


18.323 


17.345 


16.779 


18.811 


17.692 


16.331 


0.025 


0.009 


0.027 


0.010 


0.027 


0.010 


703 


20.276 


0.035 


21.963 


20.272 


19.052 


22.582 


20.903 


18.574 


0.091 


0.031 


0.107 


0.029 


0.108 


0.029 


705 


15.800 


0.008 


16.482 


15.797 


15.428 


16.912 


16.080 


14.990 


0.013 


0.001 


0.018 


0.013 


0.022 


0.016 


707 


20.264 


0.033 


21.918 


20.249 


19.104 


22.453 


20.818 


18.629 


0.046 


0.038 


0.046 


0.037 


0.054 


0.044 


708 


16.928 


0.008 


17.790 


16.926 


16.529 


18.238 


17.247 


16.089 


0.018 


0.008 


0.020 


0.009 


0.020 


0.009 


710 


16.067 


0.004 


16.742 


16.067 


15.758 


17.200 


16.376 


15.323 


0.006 


0.005 


0.007 


0.006 


0.006 


0.006 



Table 2 — Continued 



ID 




RMSr'° 


9" 






fid 


yd 


r 




min Ar.AT^i* 




min A^,Af=2^ 




min Ar,Ar=3^ 




(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 






711 


18.643 


0.046 


19.985 


18.647 


17.870 


20.626 


19.233 


17.413 


0.126 


0.020 


0.126 


0.014 


0.126 


0.014 


713 


17.923 


0.009 


19.082 


17.925 


17.357 


19.667 


18.397 


16.910 


0.014 


0.013 


0.020 


0.019 


0.021 


0.019 


714 


17.914 


0.008 


19.101 


17.913 


17.385 


19.578 


18.351 


16.940 


0.013 


0.008 


0.014 


0.009 


0.014 


0.009 


719 


19.567 


0.033 


21.271 


19.574 


18.630 


21.866 


20.230 


18.165 


0.086 


0.018 


0.085 


0.015 


0.088 


0.015 


722 


15.937 


0.004 


16.573 


15.939 


15.578 


16.962 


16.142 


15.141 


0.010 


0.005 


0.010 


0.004 


0.010 


0.004 


724 


18.392 


0.008 


19.764 


18.398 


17.747 


20.339 


18.956 


17.296 


0.013 


0.000 


0.024 


0.020 


0.023 


0.019 


727 


20.842 


0.023 


22.565 


20.833 


19.494 


23.161 


21.487 


19.010 


0.034 


0.028 


0.035 


0.029 


0.033 


0.028 


730 


19.594 


0.029 


21.258 


19.578 


18.667 


21.532 


20.003 


18.204 


0.078 


0.015 


0.084 


0.016 


0.086 


0.017 


736 


17.602 


0.009 


18.651 


17.600 


17.118 


19.188 


18.011 


16.675 


0.016 


0.010 


0.019 


0.011 


0.021 


0.011 


745 


18.548 


0.009 


19.999 


18.552 


17.875 


20.546 


19.107 


17.423 


0.022 


0.009 


0.021 


0.008 


0.020 


0.008 


746 


20.410 


0.022 


22.047 


20.410 


19.173 


22.616 


20.957 


18.694 


0.044 


0.022 


0.046 


0.023 


0.046 


0.022 


747 


17.918 


0.007 


19.110 


17.918 


17.379 


19.644 


18.390 


16.933 


0.017 


0.007 


0.018 


0.007 


0.020 


0.008 


748 


21.014 


0.028 


22.759 


21.012 


19.648 


23.558 


21.826 


19.163 


0.036 


0.027 


0.036 


0.028 


0.041 


0.032 


751 


18.944 


0.018 


20.441 


18.949 


18.203 


21.444 


19.812 


17.748 


0.037 


0.010 


0.046 


0.010 


0.050 


0.011 


756 


20.955 


0.026 


22.686 


20.950 


19.542 


23.276 


21.525 


19.055 


0.045 


0.032 


0.045 


0.032 


0.044 


0.031 


758 


18.660 


0.007 


20.191 


18.661 


17.984 


20.736 


19.280 


17.532 


0.010 


0.009 


0.010 


0.009 


0.011 


0.010 


763 


17.584 


0.005 


18.656 


17.583 


17.101 


19.198 


18.012 


16.658 


0.010 


0.006 


0.013 


0.005 


0.013 


0.007 


767 


20.897 


0.036 


22.699 


20.877 


19.535 


23.342 


21.577 


19.051 


0.068 


0.063 


0.089 


0.081 


0.086 


0.078 


768 


16.491 


0.007 


17.264 


16.494 


16.115 


17.715 


16.775 


15.677 


0.015 


0.007 


0.017 


0.007 


0.018 


0.007 


771 


19.617 


0.012 


21.213 


19.612 


18.637 


21.920 


20.304 


18.170 


0.021 


0.014 


0.024 


0.015 


0.024 


0.015 


772 


20.898 


0.027 


22.515 


20.912 


19.528 


23.214 


21.565 


19.042 


0.047 


0.034 


0.048 


0.034 


0.049 


0.034 


773 


20.314 


0.020 


22.041 


20.308 


19.227 


22.606 


20.943 


18.756 


0.038 


0.019 


0.038 


0.019 


0.037 


0.019 


774 


19.436 


0.020 


21.105 


19.429 


18.550 


21.820 


20.221 


18.088 


0.052 


0.011 


0.053 


0.011 


0.050 


0.010 


777 


16.753 


0.008 


17.596 


16.752 


16.404 


18.057 


17.065 


15.967 


0.019 


0.008 


0.019 


0.007 


0.020 


0.007 


778 


16.236 


0.005 


16.987 


16.236 


15.816 


17.424 


16.507 


15.376 


0.012 


0.005 


0.013 


0.005 


0.012 


0.005 


779 


19.403 


0.011 


21.059 


19.407 


18.468 


21.722 


20.104 


18.003 


0.019 


0.005 


0.032 


0.017 


0.026 


0.014 


780 


17.489 


0.010 


18.529 


17.485 


16.995 


19.072 


17.932 


16.552 


0.022 


0.007 


0.033 


0.009 


0.033 


0.009 


783 


22.125 


0.066 


23.854 


22.144 


20.429 


24.756 


22.794 


19.927 


0.081 


0.080 


0.080 


0.079 


0.082 


0.081 


784 


20.501 


0.022 


22.272 


20.490 


19.331 


22.954 


21.224 


18.856 


0.041 


0.021 


0.041 


0.021 


0.043 


0.021 


785 


19.414 


0.015 


21.055 


19.419 


18.491 


21.586 


20.028 


18.027 


0.041 


0.013 


0.042 


0.012 


0.043 


0.012 


789 


21.214 


0.035 


22.906 


21.223 


19.712 


23.574 


21.935 


19.220 


0.051 


0.044 


0.051 


0.044 


0.054 


0.046 


790 


19.780 


0.026 


21.535 


19.766 


18.773 


22.190 


20.563 


18.305 


0.063 


0.016 


0.066 


0.017 


0.069 


0.018 


793 


20.900 


0.032 


22.596 


20.901 


19.465 


23.270 


21.640 


18.977 


0.044 


0.0.36 


0.047 


0.0,38 


0.052 


0.042 


799 


17.236 


0.007 


18.213 


17.231 


16.794 


18.717 


17.633 


16.354 


0.014 


0.008 


0.019 


0.009 


0.020 


0.009 



Table 2 — Continued 



ID 




RMSr'° 


9" 






fid 


yd 


r 




min Ar.AT^i* 




min A^,Af=2^ 




min Ar,Ar=3^ 




(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 






800 


20.920 


0.025 


22.671 


20.913 


19.565 


23.428 


21.663 


19.081 


0.031 


0.026 


0.037 


0.032 


0.037 


0.032 


802 


17.002 


0.012 


17.868 


17.006 


16.605 


18.377 


17.359 


16.166 


0.031 


0.007 


0.031 


0.006 


0.031 


0.006 


803 


17.511 


0.006 


18.569 


17.511 


17.001 


19.100 


17.937 


16.557 


0.013 


0.008 


0.019 


0.007 


0.018 


0.009 


808 


17.578 


0.007 


18.661 


17.578 


17.116 


19.209 


17.996 


16.674 


0.017 


0.006 


0.017 


0.006 


0.018 


0.006 


809 


16.339 


0.008 


17.081 


16.335 


16.003 


17.540 


16.621 


15.567 


0.016 


0.005 


0.019 


0.006 


0.023 


0.011 


810 


19.703 


0.043 


21.431 


19.713 


18.738 


22.026 


20.426 


18.271 


0.110 


0.018 


0.134 


0.018 


0.133 


0.018 


812 


16.409 


0.005 


17.179 


16.407 


16.063 


17.633 


16.739 


15.627 


0.012 


0.004 


0.016 


0.004 


0.016 


0.004 


813 


20.348 


0.014 


22.123 


20.354 


19.213 


22.787 


21.059 


18.738 


0.017 


0.017 


0.018 


0.017 


0.017 


0.017 


815 


19.056 


0.019 


20.643 


19.065 


18.267 


21.306 


19.754 


17.809 


0.051 


0.014 


0.048 


0.009 


0.048 


0.009 


817 


17.008 


0.005 


17.877 


17.009 


16.593 


18.341 


17.334 


16.154 


0.012 


0.004 


0.015 


0.006 


0.015 


0.006 


818 


17.656 


0.006 


18.747 


17.659 


17.105 


19.265 


18.058 


16.659 


0.012 


0.006 


0.011 


0.006 


0.012 


0.006 


819 


18.314 


0.022 


19.735 


18.306 


17.715 


20.211 


18.881 


17.266 


0.065 


0.010 


0.064 


0.010 


0.064 


0.009 


821 


17.142 


0.008 


18.107 


17.136 


16.707 


18.606 


17.525 


16.267 


0.017 


0.008 


0.027 


0.007 


0.030 


0.008 


822 


18.063 


0.010 


19.388 


18.069 


17.525 


19.774 


18.510 


17.079 


0.024 


0.006 


0.026 


0.006 


0.026 


0.006 


825 


16.284 


0.006 


17.046 


16.286 


15.917 


17.485 


16.600 


15.479 


0.009 


0.000 


0.024 


0.000 


0.024 


0.001 


827 


15.773 


0.007 


16.363 


15.774 


15.428 


16.769 


15.991 


14.991 


0.014 


0.008 


0.016 


0.009 


0.018 


0.009 


828 


18.913 


0.015 


20.389 


18.908 


18.144 


21.101 


19.637 


17.688 


0.034 


0.017 


0.048 


0.018 


0.045 


0.016 


830 


16.855 


0.006 


17.727 


16.856 


16.436 


18.276 


17.260 


15.995 


0.015 


0.007 


0.016 


0.006 


0.016 


0.006 


832 


15.918 


0.003 


16.590 


15.916 


15.600 


17.015 


16.213 


15.165 


0.005 


0.004 


0.007 


0.006 


0.007 


0.006 


834 


20.678 


0.024 


22.454 


20.680 


19.345 


23.042 


21.351 


18.861 


0.043 


0.028 


0.057 


0.036 


0.057 


0.036 


835 


19.591 


0.030 


21.294 


19.591 


18.636 


21.770 


20.129 


18.170 


0.081 


0.015 


0.080 


0.013 


0.082 


0.013 


838 


18.494 


0.009 


19.908 


18.491 


17.818 


20.459 


19.034 


17.366 


0.019 


0.007 


0.024 


0.008 


0.025 


0.008 


841 


19.581 


0.041 


21.265 


19.559 


18.680 


21.917 


20.279 


18.218 


0.107 


0.012 


0.118 


0.012 


0.121 


0.012 


842 


21.234 


0.034 


22.985 


21.234 


19.782 


23.824 


21.991 


19.293 


0.045 


0.044 


0.048 


0.047 


0.048 


0.047 


845 


16.371 


0.006 


17.122 


16.370 


16.004 


17.561 


16.654 


15.567 


0.012 


0.007 


0.018 


0.009 


0.020 


0.010 


850 


16.037 


0.006 


16.756 


16.040 


15.705 


17.188 


16.318 


15.269 


0.013 


0.004 


0.015 


0.004 


0.015 


0.004 


852 


17.881 


0.010 


19.077 


17.893 


17.372 


19.622 


18.364 


16.927 


0.023 


0.014 


0.025 


0.013 


0.025 


0.014 


853 


20.984 


0.028 


22.677 


20.975 


19.500 


23.309 


21.642 


19.009 


0.035 


0.034 


0.042 


0.041 


0.043 


0.043 


854 


16.473 


0.006 


17.230 


16.475 


16.080 


17.663 


16.751 


15.641 


0.014 


0.005 


0.015 


0.005 


0.014 


0.004 


857 


17.684 


0.006 


18.791 


17.690 


17.181 


19.249 


18.061 


16.737 


0.008 


0.006 


0.010 


0.007 


0.012 


0.008 


859 


16.429 


0.005 


17.194 


16.427 


16.052 


17.625 


16.718 


15.614 


0.012 


0.006 


0.013 


0.006 


0.013 


0.006 


860 


18.097 


0.014 


19.331 


18.090 


17.526 


19.876 


18.544 


17.079 


0.034 


0.011 


0.040 


0.010 


0.040 


0.010 


862 


21.652 


0.046 


23.340 


21.645 


20.161 


23.892 


22.222 


19.670 


0.045 


-0.045 


0.051 


-0.051 


0.062 


-0.062 


864 


16.776 


0.005 


17.610 


16.776 


16.405 


18.100 


17.097 


15.967 


0.011 


0.005 


0.016 


0.007 


0.016 


0.006 
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ID 




RMSr'° 


9" 






fid 


yd 


r 




min Ar.AT^i* 




min A^,Af=2^ 




min Ar,Ar=3^ 




(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 






865 


22.150 


0.061 


23.984 


22.139 


20.446 


24.686 


22.835 


19.945 


0.060 


-0.060 


0.063 


-0.063 


0.065 


-0.065 


867 


15.521 


0.004 


16.118 


15.521 


15.229 


16.518 


15.766 


14.795 


0.005 


0.005 


0.007 


0.006 


0.008 


0.007 


868 


21.112 


0.027 


22.901 


21.117 


19.734 


23.596 


21.789 


19.248 


0.032 


0.032 


0.033 


0.033 


0.035 


0.035 


869 


16.460 


0.006 


17.282 


16.457 


16.105 


17.636 


16.698 


15.668 


0.013 


0.005 


0.017 


0.006 


0.018 


0.006 


870 


17.287 


0.003 


18.266 


17.286 


16.786 


18.759 


17.660 


16.342 


0.006 


0.004 


0.009 


0.006 


0.009 


0.006 


871 


18.257 


0.007 


19.613 


18.261 


17.670 


20.142 


18.780 


17.222 


0.016 


0.007 


0.020 


0.008 


0.021 


0.008 


873 


17.118 


0.006 


18.047 


17.119 


16.717 


18.482 


17.442 


16.278 


0.014 


0.006 


0.014 


0.005 


0.019 


0.007 


875 


20.692 


0.031 


22.453 


20.693 


19.392 


23.027 


21.389 


18.910 


0.046 


0.026 


0.070 


0.036 


0.072 


0.037 


876 


16.867 


0.010 


17.733 


16.862 


16.473 


18.196 


17.198 


16.035 


0.0.30 


0.008 


0.032 


0.007 


0.030 


0.006 


878 


17.745 


0.004 


18.921 


17.746 


17.228 


19.397 


18.163 


16.783 


0.007 


0.004 


0.008 


0.005 


0.011 


0.006 


880 


16.807 


0.010 


17.685 


16.810 


16.402 


18.150 


17.146 


15.963 


0.015 


0.011 


0.016 


0.012 


0.022 


0.017 


882 


18.978 


0.008 


20.620 


18.976 


18.209 


21.172 


19.636 


17.753 


0.015 


0.008 


0.016 


0.008 


0.017 


0.009 


886 


19.984 


0.024 


21.716 


19.971 


18.870 


22.285 


20.658 


18.397 


0.060 


0.017 


0.057 


0.014 


0.059 


0.014 


888 


16.839 


0.007 


17.720 


16.835 


16.438 


18.238 


17.232 


15.998 


0.015 


0.007 


0.019 


0.006 


0.018 


0.005 


889 


18.405 


0.005 


19.840 


18.408 


17.787 


20.387 


19.000 


17.337 


0.006 


0.006 


0.007 


0.007 


0.009 


0.009 


890 


21.988 


0.062 


23.650 


22.001 


20.218 


24.610 


22.639 


19.713 


0.086 


0.080 


0.099 


0.093 


0.104 


0.097 


891 


16.071 


0.010 


16.755 


16.072 


15.713 


17.167 


16.325 


15.275 


0.025 


0.013 


0.028 


0.009 


0.027 


0.009 


892 


16.803 


0.006 


17.672 


16.803 


16.404 


18.163 


17.151 


15.965 


0.012 


0.008 


0.014 


0.009 


0.014 


0.009 


893 


20.642 


0.027 


22.448 


20.632 


19.392 


23.118 


21.413 


18.913 


0.039 


0.030 


0.057 


0.044 


0.056 


0.043 


901 


19.293 


0.029 


20.843 


19.306 


18.392 


21.226 


19.716 


17.929 


0.078 


0.013 


0.092 


0.016 


0.092 


0.016 


902 


17.436 


0.008 


18.513 


17.435 


16.948 


18.868 


17.730 


16.505 


0.018 


0.007 


0.021 


0.006 


0.027 


0.009 


903 


15.462 


0.004 


16.082 


15.460 


15.169 


16.486 


15.730 


14.736 


0.007 


0.003 


0.008 


0.007 


0.007 


0.007 


904 


16.731 


0.005 


17.584 


16.731 


16.375 


18.074 


17.096 


15.937 


0.008 


0.005 


0.014 


0.006 


0.014 


0.006 


907 


20.955 


0.028 


22.692 


20.945 


19.474 


23.289 


21.555 


18.984 


0.045 


0.027 


0.052 


0.031 


0.054 


0.032 


910 


20.885 


0.024 


22.656 


20.889 


19.548 


23.144 


21.487 


19.064 


0.040 


0.033 


0.045 


0.038 


0.046 


0.038 


912 


17.625 


0.008 


18.714 


17.626 


17.145 


19.214 


18.048 


16.702 


0.014 


0.009 


0.019 


0.009 


0.021 


0.011 


915 


17.168 


0.004 


18.099 


17.170 


16.729 


18.585 


17.523 


16.288 


0.006 


0.005 


0.008 


0.006 


0.009 


0.007 


917 


19.239 


0.024 


20.803 


19.233 


18.342 


21.324 


19.750 


17.880 


0.060 


0.016 


0.069 


0.016 


0.069 


0.016 


920 


17.871 


0.011 


19.085 


17.874 


17.390 


19.569 


18.338 


16.947 


0.025 


0.009 


0.024 


0.008 


0.041 


0.011 


921 


19.253 


0.007 


20.928 


19.259 


18.415 


21.524 


19.917 


17.955 


0.012 


0.010 


0.013 


0.011 


0.013 


0.011 


922 


16.535 


0.006 


17.304 


16.540 


16.146 


17.777 


16.840 


15.707 


0.010 


0.008 


0.017 


0.010 


0.019 


0.014 


924 


18.508 


0.007 


19.850 


18.505 


17.846 


20.439 


19.021 


17.394 


0.013 


0.006 


0.016 


0.007 


0.016 


0.007 


933 


17.049 


0.009 


17.944 


17.049 


16.605 


18.407 


17.365 


16.164 


0.023 


0.007 


0.027 


0.008 


0.029 


0.008 


939 


19.730 


0.015 


21.434 


19.723 


18.736 


22.104 


20.435 


18.269 


0.034 


0.015 


0.036 


0.016 


0.036 


0.016 
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941 


16.855 


0.012 


17.789 


16.862 


16.527 


18.173 


17.164 


16.091 


0.027 


0.024 


0.035 


0.030 


0.029 


0.025 


942 


17.190 


0.010 


18.134 


17.196 


16.750 


18.603 


17.524 


16.309 


0.022 


0.008 


0.027 


0.009 


0.027 


0.009 


944 


18.765 


0.007 


20.336 


18.769 


18.062 


20.841 


19.385 


17.609 


0.009 


0.009 


0.010 


0.009 


0.011 


0.010 


951 


17.591 


0.005 


18.718 


17.593 


17.166 


19.214 


18.040 


16.726 


0.010 


0.006 


0.013 


0.008 


0.014 


0.008 


952 


17.705 


0.008 


18.843 


17.707 


17.210 


19.368 


18.157 


16.767 


0.017 


0.006 


0.019 


0.006 


0.018 


0.006 


953 


17.428 


0.004 


18.439 


17.427 


16.951 


18.929 


17.809 


16.508 


0.007 


0.004 


0.007 


0.004 


0.011 


0.006 


956 


20.078 


0.014 


21.802 


20.081 


19.027 


22.446 


20.736 


18.557 


0.018 


0.016 


0.018 


0.016 


0.021 


0.018 


958 


16.361 


0.005 


17.102 


16.358 


16.020 


17.543 


16.660 


15.583 


0.009 


0.006 


0.009 


0.006 


0.014 


0.008 


961 


15.712 


0.008 


16.339 


15.716 


15.398 


16.783 


15.968 


14.963 


0.021 


0.007 


0.023 


0.008 


0.023 


0.008 


962 


19.584 


0.009 


21.280 


19.582 


18.700 


21.872 


20.226 


18.238 


0.016 


0.012 


0.016 


0.012 


0.016 


0.012 


968 


17.063 


0.007 


17.952 


17.066 


16.624 


18.413 


17.387 


16.183 


0.018 


0.005 


0.020 


0.005 


0.019 


0.004 


970 


17.094 


0.005 


18.064 


17.095 


16.689 


18.506 


17.427 


16.250 


0.007 


0.006 


0.011 


0.005 


0.011 


0.009 


971 


15.636 


0.004 


16.256 


15.637 


15.333 


16.640 


15.873 


14.899 


0.008 


0.004 


0.008 


0.004 


0.009 


0.004 


972 


17.804 


0.008 


18.976 


17.809 


17.269 


19.437 


18.223 


16.823 


0.016 


0.006 


0.015 


0.006 


0.016 


0.006 


974 


20.926 


0.037 


22.729 


20.929 


19.593 


23.348 


21.651 


19.108 


0.071 


0.053 


0.066 


0.047 


0.086 


0.062 


975 


18.348 


0.005 


19.725 


18.344 


17.762 


20.279 


18.915 


17.314 


0.009 


0.007 


0.011 


0.008 


0.011 


0.008 


978 


18.117 


0.011 


19.406 


18.113 


17.541 


19.951 


18.667 


17.094 


0.028 


0.005 


0.028 


0.005 


0.028 


0.005 


980 


21.561 


0.040 


23.295 


21.571 


19.948 


24.066 


22.255 


19.451 


0.044 


0.042 


0.044 


0.043 


0.050 


0.049 


983 


19.486 


0.010 


21.199 


19.493 


18.582 


21.778 


20.155 


18.119 


0.012 


0.010 


0.017 


0.013 


0.017 


0.014 


986 


17.289 


0.005 


18.272 


17.294 


16.852 


18.768 


17.667 


16.411 


0.007 


0.000 


0.010 


0.007 


0.011 


0.008 


987 


18.839 


0.007 


20.412 


18.840 


18.110 


20.981 


19.507 


17.655 


0.009 


0.008 


0.016 


0.014 


0.018 


0.015 


990 


18.280 


0.011 


19.549 


18.278 


17.577 


20.114 


18.770 


17.123 


0.027 


0.009 


0.030 


0.008 


0.033 


0.009 


991 


19.226 


0.018 


20.771 


19.229 


18.400 


21.399 


19.852 


17.941 


0.046 


0.011 


0.047 


0.011 


0.050 


0.012 


992 


16.703 


0.006 


17.508 


16.706 


16.312 


17.928 


16.965 


15.873 


0.013 


0.006 


0.016 


0.007 


0.016 


0.007 


993 


17.121 


0.014 


18.098 


17.128 


16.668 


18.581 


17.510 


16.226 


0.035 


0.011 


0.039 


0.009 


0.040 


0.009 


996 


17.359 


0.012 


18.396 


17.353 


16.902 


18.885 


17.748 


16.460 


0.034 


0.007 


0.038 


0.007 


0.038 


0.008 


1000 


17.705 


0.009 


18.862 


17.708 


17.189 


19.335 


18.144 


16.745 


0.028 


0.008 


0.028 


0.006 


0.029 


0.006 


1004 


15.472 


0.005 


16.074 


15.469 


15.211 


16.454 


15.703 


14.779 


0.008 


0.005 


0.010 


0.005 


0.009 


0.005 


1005 


17.014 


0.011 


17.994 


17.017 


16.654 


18.436 


17.401 


16.216 


0.031 


0.006 


0.033 


0.006 


0.035 


0.006 


1006 


18.714 


0.008 


20.249 


18.720 


18.037 


20.756 


19.312 


17.584 


0.015 


0.007 


0.018 


0.008 


0.018 


0.008 


1007 


16.700 


0.004 


17.506 


16.701 


16.335 


17.997 


17.030 


15.898 


0.006 


0.004 


0.011 


0.007 


0.011 


0.006 


1008 


15.948 


0.005 


16.640 


15.952 


15.605 


17.064 


16.234 


15.169 


0.011 


0.004 


0.012 


0.004 


0.013 


0.004 


1010 


18.952 


0.009 


20.4.38 


18.955 


18.200 


21.054 


19.521 


17.744 


0.022 


0.010 


0.022 


0.010 


0.024 


0.011 


1012 


16.319 


0.004 


17.089 


16.316 


15.975 


17.528 


16.629 


15.538 


0.008 


0.005 


0.009 


0.006 


0.011 


0.007 
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1013 


17.272 


0.016 


18.291 


17.258 


16.820 


18.702 


17.615 


16.378 


0.039 


0.018 


0.042 


0.019 


0.043 


0.020 


1014 


16.432 


0.005 


17.136 


16.436 


16.045 


17.560 


16.691 


15.606 


0.012 


0.006 


0.011 


0.005 


0.014 


0.005 


1015 


18.851 


0.010 


20.307 


18.864 


18.074 


20.830 


19.399 


17.616 


0.019 


0.008 


0.021 


0.009 


0.024 


0.010 


1018 


16.583 


0.021 


17.476 


16.569 


16.230 


17.814 


16.878 


15.794 


0.055 


0.013 


0.057 


0.012 


0.055 


0.012 


1021 


16.232 


0.004 


16.892 


16.234 


15.877 


17.326 


16.464 


15.440 


0.007 


0.004 


0.009 


0.005 


0.009 


0.005 


1024 


19.477 


0.012 


21.047 


19.483 


18.499 


21.627 


20.087 


18.032 


0.020 


0.012 


0.022 


0.013 


0.024 


0.013 


1025 


15.761 


0.004 


16.398 


15.760 


15.476 


16.848 


16.037 


15.043 


0.006 


0.003 


0.007 


0.003 


0.008 


0.004 


1027 


16.874 


0.008 


17.700 


16.875 


16.443 


18.144 


17.141 


16.002 


0.015 


0.008 


0.022 


0.012 


0.019 


0.010 


1030 


20.157 


0.015 


21.835 


20.157 


19.059 


22.494 


20.811 


18.586 


0.026 


0.018 


0.029 


0.020 


0.030 


0.020 


1032 


18.046 


0.006 


19.306 


18.044 


17.482 


19.800 


18.526 


17.035 


0.010 


0.007 


0.013 


0.008 


0.013 


0.008 


1033 


20.678 


0.026 


22.346 


20.692 


19.373 


23.033 


21.508 


18.890 


0.047 


0.031 


0.051 


0.034 


0.048 


0.031 


1035 


17.210 


0.008 


18.164 


17.208 


16.807 


18.679 


17.601 


16.368 


0.017 


0.006 


0.020 


0.005 


0.020 


0.005 


1037 


21.804 


0.048 


23.611 


21.802 


20.238 


24.347 


22.496 


19.743 


0.058 


0.057 


0.059 


0.058 


0.061 


0.060 


1039 


17.598 


0.004 


18.688 


17.598 


17.146 


19.200 


18.024 


16.705 


0.008 


0.005 


0.010 


0.006 


0.010 


0.005 


1040 


15.322 


0.003 


15.887 


15.321 


15.088 


16.291 


15.564 


14.656 


0.004 


0.004 


0.005 


0.005 


0.005 


0.005 


1041 


17.521 


0.005 


18.6.30 


17.518 


17.005 


19.114 


17.961 


16.561 


0.010 


0.004 


0.011 


0.004 


0.011 


0.004 


1043 


16.894 


0.011 


17.681 


16.899 


16.500 


18.239 


17.237 


16.061 


0.028 


0.006 


0.026 


0.006 


0.027 


0.006 


1044 


18.872 


0.007 


20.458 


18.872 


18.154 


21.002 


19.508 


17.700 


0.008 


0.007 


0.011 


0.009 


0.011 


0.009 


1051 


15.389 


0.004 


16.011 


15.389 


15.102 


16.389 


15.651 


14.668 


0.006 


0.006 


0.007 


0.007 


0.007 


0.007 


1053 


19.205 


0.009 


20.902 


19.210 


18.439 


21.474 


19.876 


17.982 


0.010 


0.009 


0.012 


0.011 


0.015 


0.013 


1056 


18.203 


0.039 


19.388 


18.208 


17.516 


19.782 


18.508 


17.063 


0.108 


0.014 


0.109 


0.010 


0.108 


0.010 


1058 


18.283 


0.005 


19.605 


18.285 


17.701 


20.112 


18.795 


17.253 


0.008 


0.007 


0.009 


0.008 


0.008 


0.007 


1060 


16.950 


0.012 


17.852 


16.942 


16.523 


18.338 


17.316 


16.083 


0.027 


0.012 


0.029 


0.013 


0.034 


0.015 


1061 


17.404 


0.015 


18.485 


17.409 


16.993 


18.934 


17.806 


16.553 


0.039 


0.008 


0.046 


0.010 


0.047 


0.009 


1062 


19.669 


0.019 


21.339 


19.682 


18.705 


22.017 


20.384 


18.238 


0.039 


0.016 


0.060 


0.021 


0.060 


0.022 


1064 


20.787 


0.032 


22.494 


20.788 


19.454 


23.041 


21.417 


18.970 


0.071 


0.031 


0.077 


0.033 


0.080 


0.034 


1066 


20.838 


0.037 


22.558 


20.853 


19.420 


23.242 


21.491 


18.932 


0.087 


0.038 


0.094 


0.036 


0.089 


0.034 


1069 


18.378 


0.009 


19.840 


18.379 


17.776 


20.194 


18.864 


17.327 


0.014 


0.010 


0.018 


0.013 


0.022 


0.015 


1070 


17.221 


0.007 


18.183 


17.224 


16.767 


18.659 


17.585 


16.326 


0.018 


0.006 


0.021 


0.006 


0.023 


0.007 


1072 


16.031 


0.004 


16.732 


16.030 


15.732 


17.108 


16.272 


15.298 


0.008 


0.004 


0.008 


0.005 


0.008 


0.005 


1073 


20.986 


0.038 


22.693 


20.987 


19.500 


23.451 


21.687 


19.009 


0.079 


0.051 


0.097 


0.061 


0.117 


0.073 


1074 


19.554 


0.022 


21.123 


19.567 


18.571 


21.631 


20.059 


18.103 


0.044 


0.018 


0.067 


0.017 


0.067 


0.017 


1080 


16.120 


0.004 


16.761 


16.118 


15.743 


17.233 


16.380 


15.305 


0.007 


0.004 


0.012 


0.007 


0.014 


0.008 


1081 


16.350 


0.007 


17.092 


16.350 


16.021 


17.560 


16.660 


15.585 


0.015 


0.009 


0.017 


0.010 


0.017 


0.010 
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1084 


15.607 


0.004 


16.202 


15.607 


15.332 


16.579 


15.799 


14.898 


0.007 


0.004 


0.007 


0.004 


0.010 


0.006 


1085 


16.929 


0.006 


17.777 


16.931 


16.535 


18.248 


17.249 


16.096 


0.013 


0.006 


0.018 


0.008 


0.017 


0.007 


1086 


21.069 


0.037 


22.802 


21.067 


19.721 


23.425 


21.743 


19.236 


0.078 


0.040 


0.078 


0.040 


0.075 


0.038 


1097 


20.516 


0.027 


22.171 


20.508 


19.246 


22.812 


21.102 


18.765 


0.055 


0.020 


0.0-59 


0.021 


0.059 


0.021 


1100 


17.022 


0.005 


17.947 


17.022 


16.594 


18.446 


17.384 


16.154 


0.009 


0.005 


0.010 


0.006 


0.009 


0.005 


1102 


16.425 


0.010 


17.203 


16.420 


16.066 


17.631 


16.704 


15.629 


0.024 


0.009 


0.027 


0.009 


0.027 


0.009 


1104 


18.043 


0.009 


19.276 


18.037 


17.511 


19.805 


18.510 


17.066 


0.025 


0.006 


0.028 


0.006 


0.028 


0.006 


1105 


17.798 


0.007 


18.956 


17.797 


17.286 


19.506 


18.260 


16.842 


0.014 


0.006 


0.016 


0.006 


0.017 


0.006 


1107 


15.609 


0.006 


16.241 


15.611 


15.334 


16.575 


15.801 


14.901 


0.011 


0.005 


0.014 


0.006 


0.015 


0.006 


1109 


16.320 


0.005 


17.080 


16.322 


16.041 


17.529 


16.654 


15.607 


0.010 


0.005 


0.013 


0.006 


0.012 


0.005 


1110 


19.435 


0.008 


21.073 


19.434 


18.579 


21.668 


20.059 


18.118 


0.008 


-0.008 


0.010 


-0.010 


0.012 


-0.012 


1111 


19.151 


0.009 


20.887 


19.145 


18.311 


21.363 


19.811 


17.851 


0.014 


0.009 


0.015 


0.010 


0.016 


0.011 


1112 


20.717 


0.024 


22.434 


20.710 


19.406 


23.105 


21.411 


18.924 


0.043 


0.031 


0.043 


0.029 


0.042 


0.028 


1113 


22.069 


0.058 


23.758 


22.081 


20.378 


24.557 


22.769 


19.877 


0.044 


-0.044 


0.050 


-0.050 


0.051 


-0.051 


1117 


17.504 


0.008 


18.529 


17.503 


17.056 


19.054 


17.911 


16.615 


0.018 


0.007 


0.024 


0.010 


0.028 


0.010 


1120 


18.861 


0.029 


20.402 


18.855 


18.053 


20.874 


19.425 


17.595 


0.092 


0.015 


0.090 


0.013 


0.099 


0.015 


1122 


16.440 


0.006 


17.222 


16.439 


16.151 


17.662 


16.761 


15.718 


0.011 


0.006 


0.013 


0.006 


0.016 


0.008 


1124 


20.274 


0.017 


22.016 


20.276 


19.048 


22.732 


21.044 


18.569 


0.020 


0.019 


0.030 


0.028 


0.030 


0.028 


1126 


18.536 


0.008 


20.010 


18.534 


17.834 


20.552 


19.110 


17.380 


0.013 


0.010 


0.016 


0.012 


0.016 


0.013 


1127 


18.494 


0.011 


19.887 


18.497 


17.861 


20.429 


19.024 


17.411 


0.020 


0.014 


0.022 


0.015 


0.022 


0.015 


1130 


20.638 


0.033 


22.318 


20.641 


19.326 


22.999 


21.273 


18.843 


0.073 


0.025 


0.079 


0.026 


0.078 


0.025 


1131 


15.619 


0.005 


16.238 


15.618 


15.378 


16.644 


15.875 


14.947 


0.007 


0.007 


0.007 


0.007 


0.009 


0.009 


1135 


17.022 


0.011 


17.971 


17.027 


16.557 


18.321 


17.299 


16.114 


0.025 


0.010 


0.033 


0.011 


0.034 


0.011 


1136 


17.568 


0.010 


18.659 


17.563 


17.097 


19.310 


18.119 


16.655 


0.023 


0.011 


0.025 


0.009 


0.025 


0.009 


1137 


16.025 


0.008 


16.689 


16.023 


15.737 


17.100 


16.273 


15.303 


0.017 


0.007 


0.020 


0.007 


0.020 


0.007 


1138 


17.987 


0.008 


19.109 


17.991 


17.414 


19.626 


18.406 


16.966 


0.019 


0.012 


0.022 


0.012 


0.022 


0.012 


1142 


16.515 


0.008 


17.247 


16.512 


16.146 


17.712 


16.766 


15.708 


0.013 


0.011 


0.013 


0.011 


0.019 


0.012 


1145 


19.945 


0.012 


21.693 


19.943 


18.933 


22.243 


20.616 


18.465 


0.021 


0.018 


0.021 


0.018 


0.020 


0.017 


1146 


20.433 


0.028 


22.188 


20.415 


19.196 


22.788 


21.124 


18.718 


0.054 


0.025 


0.065 


0.028 


0.065 


0.028 


1147 


19.862 


0.019 


21.530 


19.866 


18.821 


22.174 


20.512 


18.351 


0.030 


0.018 


0.030 


0.018 


0.033 


0.020 


1149 


21.561 


0.047 


23.295 


21.577 


20.062 


23.950 


22.177 


19.570 


0.075 


0.056 


0.079 


0.059 


0.080 


0.060 


1151 


16.453 


0.012 


17.208 


16.445 


16.125 


17.666 


16.741 


15.690 


0.018 


0.013 


0.021 


0.013 


0.023 


0.014 


1159 


20.386 


0.035 


22.077 


20.379 


19.173 


22.717 


21.070 


18.695 


0.089 


0.021 


0.092 


0.020 


0.090 


0.020 


1162 


17.577 


0.006 


18.661 


17.577 


17.020 


19.077 


17.918 


16.573 


0.015 


0.007 


0.014 


0.007 


0.015 


0.007 
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lU 


a 

< 7* > 
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9 


T 
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ID 


V 


I 
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(mag) 
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(mag) 


(mag) 


(mag) 






1163 


19.233 


0.054 


20.976 


19.233 


18.443 


21.244 


19.772 


17.986 


0.143 


0.017 


0.141 


0.015 


0.142 


0.015 


1165 


19.519 


0.023 


21.142 


19.518 


18.466 


21.635 


20.006 


17.996 


0.038 


0.024 


0.042 


0.027 


0.059 


0.031 


1169 


17.070 


0.013 


17.933 


17.069 


16.585 


18.382 


17.372 


16.142 


0.023 


0.016 


0.034 


0.022 


0.034 


0.022 


1174 


18.499 


0.011 


19.984 


18.493 


17.799 


20.499 


19.079 


17.346 


0.026 


0.012 


0.028 


0.010 


0.030 


0.010 


1179 


19.764 


0.010 


21.532 


19.764 


18.723 


22.131 


20.463 


18.253 


0.011 


-0.011 


0.014 


-0.014 


0.014 


-0.014 


1180 


19.245 


0.012 


20.998 


19.238 


18.380 


21.541 


19.928 


17.919 


0.023 


0.009 


0.023 


0.009 


0.022 


0.009 


1186 


18.904 


0.006 


20.455 


18.906 


18.160 


21.026 


19.506 


17.704 


0.007 


0.006 


0.008 


0.008 


0.009 


0.008 


1188 


20.844 


0.031 


22.664 


20.828 


19.503 


23.273 


21.533 


19.019 


0.048 


0.024 


0.072 


0.037 


0.073 


0.038 


1191 


19.773 


0.013 


21.465 


19.768 


18.744 


22.528 


20.788 


18.275 


0.022 


0.015 


0.023 


0.016 


0.023 


0.016 


1192 


20.414 


0.019 


22.078 


20.405 


19.230 


22.764 


21.054 


18.754 


0.035 


0.019 


0.034 


0.019 


0.035 


0.019 


1196 


16.405 


0.004 


17.141 


16.406 


16.018 


17.566 


16.652 


15.579 


0.008 


0.005 


0.009 


0.005 


0.011 


0.005 


1199 


21.650 


0.051 


23.340 


21.665 


19.955 


24.016 


22.267 


19.453 


0.062 


0.059 


0.073 


0.070 


0.073 


0.071 


1202 


19.245 


0.010 


20.863 


19.249 


18.371 


21.464 


19.868 


17.909 


0.017 


0.010 


0.016 


0.010 


0.015 


0.010 


1203 


19.956 


0.018 


21.726 


19.962 


18.915 


22.335 


20.660 


18.444 


0.037 


0.012 


0.040 


0.014 


0.041 


0.013 


1208 


18.152 


0.009 


19.493 


18.155 


17.544 


19.953 


18.631 


17.095 


0.024 


0.008 


0.026 


0.006 


0.026 


0.006 


1210 


17.277 


0.009 


18.328 


17.272 


16.848 


18.764 


17.648 


16.407 


0.023 


0.006 


0.024 


0.004 


0.025 


0.004 


1213 


20.714 


0.020 


22.431 


20.715 


19.332 


22.978 


21.280 


18.846 


0.029 


0.023 


0.031 


0.025 


0.031 


0.025 


1218 


20.868 


0.027 


22.509 


20.858 


19.525 


23.160 


21.511 


19.042 


0.052 


0.036 


0.062 


0.039 


0.061 


0.039 


1219 


21.438 


0.037 


23.122 


21.426 


19.894 


23.754 


22.069 


19.401 


0.055 


0.051 


0.055 


0.051 


0.059 


0.054 


1221 


18.305 


0.014 


19.673 


18.314 


17.681 


20.117 


18.773 


17.231 


0.038 


0.009 


0.038 


0.007 


0.038 


0.007 


1223 


17.666 


0.005 


18.805 


17.664 


17.097 


19.260 


18.063 


16.650 


0.011 


0.006 


0.012 


0.006 


0.012 


0.005 


1225 


18.091 


0.005 


19.358 


18.091 


17.525 


19.878 


18.569 


17.078 


0.009 


0.004 


0.009 


0.004 


0.009 


0.005 


1233 


20.872 


0.032 


22.669 


20.857 


19.506 


23.281 


21.539 


19.022 


0.065 


0.031 


0.064 


0.030 


0.068 


0.030 


1235 


18.630 


0.007 


20.164 


18.634 


17.953 


20.660 


19.188 


17.500 


0.015 


0.006 


0.017 


0.006 


0.017 


0.006 


1239 


16.766 


0.007 


17.600 


16.764 


16.355 


18.049 


17.068 


15.916 


0.011 


0.009 


0.013 


0.010 


0.019 


0.011 


1242 


19.095 


0.011 


20.668 


19.088 


18.388 


21.116 


19.635 


17.935 


0.020 


0.010 


0.020 


0.010 


0.024 


0.011 


1243 


18.548 


0.005 


20.033 


18.547 


17.869 


20.477 


19.041 


17.417 


0.009 


0.008 


0.012 


0.010 


0.014 


0.011 


1248 


20.393 


0.016 


22.198 


20.399 


19.328 


22.697 


21.030 


18.857 


0.020 


0.017 


0.020 


0.016 


0.019 


0.016 


1249 


19.543 


0.009 


21.240 


19.549 


18.637 


21.845 


20.183 


18.174 


0.011 


0.009 


0.012 


0.010 


0.012 


0.010 


1250 


19.550 


0.017 


21.139 


19.546 


18.575 


21.916 


20.328 


18.109 


0.037 


0.015 


0.051 


0.014 


0.052 


0.015 


1253 


20.230 


0.023 


21.981 


20.235 


19.043 


22.573 


20.859 


18.566 


0.057 


0.026 


0.072 


0.030 


0.071 


0.029 


1255 


16.078 


0.005 


16.787 


16.078 


15.732 


17.151 


16.294 


15.296 


0.007 


0.004 


0.014 


0.009 


0.014 


0.009 


1259 


19.425 


0.010 


21.008 


19.425 


18.588 


21.477 


19.973 


18.128 


0.020 


0.010 


0.020 


0.010 


0.021 


0.011 


1262 


19.017 


0.007 


20.660 


19.019 


18.229 


21.124 


19.585 


17.772 


0.011 


0.010 


0.016 


0.014 


0.020 


0.017 
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1264 


20.803 


0.043 


22.602 


20.805 


19.483 


23.184 


21.438 


19.000 


0.093 


0.030 


0.131 


0.040 


0.132 


0.039 


1265 


18.720 


0.007 


20.278 


18.715 


18.000 


20.795 


19.305 


17.546 


0.014 


0.006 


0.016 


0.007 


0.017 


0.007 


1269 


19.472 


0.024 


21.017 


19.477 


18.500 


22.158 


20.505 


18.034 


0.060 


0.015 


0.061 


0.015 


0.062 


0.015 


1273 


17.249 


0.009 


18.290 


17.253 


16.817 


18.740 


17.625 


16.377 


0.025 


0.006 


0.029 


0.007 


0.029 


0.006 


1276 


17.834 


0.005 


18.998 


17.833 


17.320 


19.529 


18.285 


16.876 


0.012 


0.006 


0.014 


0.006 


0.023 


0.011 


1277 


18.097 


0.005 


19.415 


18.095 


17.529 


19.922 


18.590 


17.081 


0.008 


0.006 


0.012 


0.008 


0.012 


0.008 


1278 


19.686 


0.010 


21.467 


19.685 


18.734 


21.998 


20.338 


18.269 


0.014 


0.012 


0.016 


0.013 


0.018 


0.015 


1284 


18.507 


0.010 


19.932 


18.498 


17.829 


20.447 


19.031 


17.377 


0.024 


0.005 


0.024 


0.005 


0.025 


0.005 


1285 


18.242 


0.022 


19.427 


18.251 


17.572 


19.860 


18.568 


17.119 


0.061 


0.009 


0.069 


0.012 


0.075 


0.012 


1289 


20.112 


0.014 


21.806 


20.116 


18.944 


22.502 


20.803 


18.467 


0.019 


0.015 


0.023 


0.017 


0.024 


0.018 


1291 


18.373 


0.009 


19.604 


18.372 


17.705 


20.210 


18.880 


17.253 


0.020 


0.010 


0.021 


0.010 


0.027 


0.011 


1293 


17.314 


0.004 


18.336 


17.313 


16.943 


18.843 


17.709 


16.506 


0.007 


0.005 


0.009 


0.006 


0.010 


0.007 


1296 


18.615 


0.021 


20.020 


18.622 


17.967 


20.635 


19.166 


17.516 


0.061 


0.016 


0.063 


0.014 


0.070 


0.016 


1298 


18.940 


0.007 


20.603 


18.940 


18.163 


21.074 


19.524 


17.706 


0.012 


0.009 


0.012 


0.008 


0.012 


0.009 


1299 


18.655 


0.016 


20.071 


18.665 


17.866 


20.391 


18.991 


17.408 


0.045 


0.013 


0.044 


0.010 


0.045 


0.010 


1300 


20.903 


0.024 


22.658 


20.900 


19.550 


23.288 


21.572 


19.066 


0.033 


0.029 


0.033 


0.029 


0.033 


0.029 


1301 


21.170 


0.032 


22.824 


21.172 


19.597 


23.636 


21.879 


19.102 


0.037 


0.036 


0.041 


0.040 


0.052 


0.051 


1302 


16.986 


0.005 


17.890 


16.984 


16.556 


18.385 


17.337 


16.116 


0.008 


0.006 


0.013 


0.003 


0.016 


0.010 


1309 


20.104 


0.047 


21.816 


20.087 


18.981 


22.302 


20.629 


18.509 


0.134 


0.018 


0.133 


0.018 


0.131 


0.017 


1313 


19.969 


0.012 


21.692 


19.965 


18.870 


22.298 


20.588 


18.398 


0.019 


0.016 


0.021 


0.018 


0.023 


0.019 


1314 


15.865 


0.003 


16.548 


15.865 


15.562 


16.932 


16.098 


15.127 


0.005 


0.003 


0.010 


0.006 


0.010 


0.005 


1320 


18.911 


0.011 


20.433 


18.913 


18.168 


20.868 


19.386 


17.712 


0.021 


0.013 


0.029 


0.017 


0.034 


0.019 


1328 


17.977 


0.004 


19.123 


17.975 


17.407 


19.645 


18.418 


16.960 


0.006 


0.006 


0.007 


0.007 


0.007 


0.007 


1331 


20.016 


0.015 


21.717 


20.017 


18.867 


22.539 


20.827 


18.392 


0.022 


0.015 


0.026 


0.017 


0.027 


0.018 


1332 


17.960 


0.007 


19.221 


17.961 


17.385 


19.698 


18.406 


16.938 


0.013 


0.000 


0.021 


0.008 


0.021 


0.008 


1333 


17.645 


0.010 


18.739 


17.646 


17.135 


19.242 


18.031 


16.691 


0.021 


0.009 


0.030 


0.010 


0.030 


0.010 


1334 


16.683 


0.008 


17.467 


16.682 


16.290 


17.926 


16.968 


15.851 


0.019 


0.006 


0.022 


0.006 


0.022 


0.004 


1335 


19.823 


0.011 


21.479 


19.819 


18.828 


22.205 


20.483 


18.360 


0.012 


0.012 


0.012 


0.012 


0.013 


0.013 


1336 


19.881 


0.036 


21.556 


19.864 


18.802 


22.266 


20.578 


18.332 


0.114 


0.016 


0.117 


0.015 


0.121 


0.016 


1338 


17.524 


0.005 


18.582 


17.526 


16.968 


19.079 


17.891 


16.521 


0.011 


0.005 


0.011 


0.004 


0.011 


0.005 


1340 


21.343 


0.040 


23.026 


21.335 


19.977 


23.811 


21.979 


19.492 


0.071 


0.045 


0.073 


0.046 


0.074 


0.047 


1343 


17.818 


0.005 


19.006 


17.815 


17.294 


19.535 


18.273 


16.850 


0.010 


0.006 


0.011 


0.001 


0.013 


0.006 


1349 


17.120 


0.004 


18.104 


17.121 


16.724 


18.579 


17.489 


16.284 


0.011 


0.004 


0.012 


0.004 


0.012 


0.004 


1350 


18.185 


0.019 


19.449 


18.179 


17.566 


19.949 


18.647 


17.117 


0.045 


0.017 


0.060 


0.011 


0.059 


0.011 
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1352 


19.381 


0.032 


20.947 


19.397 


18.473 


21.521 


19.959 


18.009 


0.091 


0.020 


0.097 


0.016 


0.093 


0.015 


1355 


18.561 


0.012 


19.945 


18.559 


17.893 


20.529 


19.100 


17.441 


0.029 


0.008 


0.035 


0.008 


0.035 


0.008 


1360 


17.427 


0.006 


18.479 


17.425 


16.968 


18.978 


17.816 


16.527 


0.012 


0.005 


0.017 


0.006 


0.017 


0.007 


1364 


20.396 


0.016 


22.068 


20.390 


19.226 


22.730 


21.026 


18.751 


0.018 


-0.018 


0.020 


-0.020 


0.019 


-0.019 


1367 


18.366 


0.009 


19.714 


18.364 


17.737 


20.299 


18.888 


17.287 


0.014 


0.012 


0.016 


0.013 


0.019 


0.015 


1373 


19.525 


0.008 


21.228 


19.520 


18.602 


21.783 


20.140 


18.139 


0.011 


0.010 


0.011 


0.010 


0.011 


0.011 


1374 


21.633 


0.058 


23.432 


21.624 


20.047 


24.026 


22.249 


19.552 


0.119 


0.060 


0.129 


0.063 


0.124 


0.061 


1377 


21.225 


0.038 


22.902 


21.232 


19.740 


23.616 


21.844 


19.249 


0.068 


0.037 


0.080 


0.043 


0.080 


0.043 


1378 


18.288 


0.016 


19.579 


18.289 


17.626 


19.955 


18.641 


17.174 


0.038 


0.009 


0.042 


0.010 


0.046 


0.011 


1383 


17.309 


0.007 


18.227 


17.308 


16.840 


18.798 


17.683 


16.398 


0.010 


0.009 


0.021 


0.019 


0.026 


0.023 


1385 


20.434 


0.024 


22.237 


20.434 


19.219 


22.831 


21.141 


18.741 


0.049 


0.020 


0.052 


0.021 


0.051 


0.021 


1386 


21.343 


0.047 


23.034 


21.366 


19.926 


23.684 


21.949 


19.437 


0.101 


0.046 


0.100 


0.045 


0.110 


0.050 


1392 


21.005 


0.040 


22.672 


20.995 


19.578 


23.381 


21.601 


19.091 


0.092 


0.033 


0.093 


0.035 


0.091 


0.033 


1394 


18.116 


0.007 


19. ,362 


18.115 


17.503 


19.901 


18.577 


17.054 


0.022 


0.007 


0.022 


0.007 


0.021 


0.006 


1395 


17.013 


0.007 


17.865 


17.014 


16.577 


18.430 


17.371 


16.137 


0.016 


0.007 


0.019 


0.008 


0.018 


0.007 


1398 


17.285 


0.007 


18.242 


17.284 


16.808 


18.758 


17.637 


16.365 


0.016 


0.007 


0.022 


0.009 


0.023 


0.009 


1399 


16.073 


0.006 


16.758 


16.071 


15.696 


17.196 


16.326 


15.258 


0.016 


0.004 


0.016 


0.004 


0.021 


0.006 


1404 


19.758 


0.055 


21.336 


19.765 


18.669 


22.073 


20.406 


18.196 


0.138 


0.015 


0.144 


0.013 


0.149 


0.013 


1408 


19.665 


0.030 


21.282 


19.648 


18.628 


21.842 


20.221 


18.159 


0.059 


0.019 


0.062 


0.020 


0.075 


0.024 


1419 


18.160 


0.009 


19.504 


18.163 


17.575 


19.952 


18.606 


17.127 


0.024 


0.005 


0.026 


0.005 


0.026 


0.005 


1420 


18.362 


0.009 


19.638 


18.354 


17.747 


20.252 


18.868 


17.298 


0.016 


0.011 


0.023 


0.013 


0.023 


0.013 


1424 


19.119 


0.014 


20.644 


19.122 


18.266 


21.221 


19.699 


17.805 


0.027 


0.009 


0.041 


0.012 


0.037 


0.011 


1425 


16.391 


0.008 


17.092 


16.388 


16.068 


17.616 


16.681 


15.633 


0.013 


0.009 


0.015 


0.011 


0.013 


0.009 


1435 


16.936 


0.006 


17.732 


16.934 


16.568 


18.326 


17.278 


16.131 


0.010 


0.007 


0.016 


0.009 


0.020 


0.009 


1439 


16.431 


0.010 


17.090 


16.433 


16.079 


17.635 


16.700 


15.643 


0.019 


0.014 


0.021 


0.015 


0.045 


0.012 


1440 


19.480 


0.012 


21.085 


19.476 


18.561 


21.710 


20.084 


18.098 


0.025 


0.015 


0.026 


0.015 


0.024 


0.014 


1442 


17.597 


0.007 


18.667 


17.598 


17.118 


19.174 


17.985 


16.675 


0.011 


0.008 


0.016 


0.010 


0.015 


0.010 


1443 


17.527 


0.016 


18.587 


17.520 


17.034 


19.032 


17.881 


16.591 


0.043 


0.011 


0.043 


0.008 


0.042 


0.008 


1446 


18.408 


0.014 


19.693 


18.401 


17.703 


20.288 


18.939 


17.250 


0.031 


0.000 


0.046 


0.016 


0.047 


0.016 


1450 


17.703 


0.009 


18.822 


17.701 


17.188 


19.315 


18.099 


16.744 


0.019 


0.009 


0.023 


0.010 


0.026 


0.011 


1451 


16.566 


0.005 


17.345 


16.565 


16.177 


17.811 


16.869 


15.739 


0.008 


0.007 


0.010 


0.009 


0.009 


0.008 



''The flux averaged r magnitude of the light curve. 
''The root-mean-squajre of the Ught curve. 



'^The magnitude of the source in the photometric catalog (Paper I) 

Value from lKalirai et alj l|200ll ') 
°Value transformed from r and i 

'Peak-to-peak amplitude in r-band for the multi-harmonic AoV model with specified A'^. 

^Minimum peak-to-peak amplitude in r-band that the light curve could have had and still have been detected as a variable. Entries with no value correspond to light 
curves that would be selected as variable even when A,.,n = 0.0. The model does not adequately describe the light curve in these cases. 
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Table 3. Candidate Cluster Members with Measured Rotation Periods: Spectroscopic Parameters 



TT^ 






V Sin t 


(TV sin 


£t V 








(IX) 


f km /s^ 


f km /s^ 






25 


5384 


123 


7.53 


1.20 


8.65 


0.190 


26 


5057 


122 


11.94 


1.81 


9.38 


0.322 


71 


4991 


133 


8.06 


1.54 


8.68 


0.108 


99 


4785 


378 


10.94 


19.02 


7.60 


0.758 


103 


5216 


127 


3.65 


1.78 


8.90 


0.237 


104 


4773 


1506 


12.04 


418.07 


48.85 


15.984 


174 


4741 


584 


8.72 


35.15 


-1.76 


0.805 


216 


6521 


287 


48.36 


3.19 


9.02 


0.242 


223 


5009 


201 


4.64 


4.56 


10.72 


0.314 


258 


5244 


163 


7.92 


2.52 


2.35 


0.335 


292 


6245 


124 


9.41 


1.33 


7.59 


0.080 


335 


4916 


151 


9.42 


1.81 


9.06 


0.285 


364 


5112 


186 


5.12 


3.53 


8.44 


0.405 


380 


4973 


254 


6.18 


7.29 


9.95 


0.374 


389 


4744 


502 


6.50 


12.79 


9.93 


0.529 


396 


5350 


131 


7.52 


1.23 


9.08 


0.307 


404 


4727 


336 


12.39 


19.01 


9.74 


0.332 


413 


4751 


407 


6.08 


29.18 


5.36 


0.846 


432 


5416 


113 


3.05 


1.54 


7.89 


0.141 


483 


6167 


129 


23.82 


0.26 


10.52 


0.217 


522 


5030 


163 


6.53 


3.68 


8.58 


0.368 


550 


5137 


152 


2.95 


1.66 


10.06 


0.292 


552 


5840 


121 


6.60 


1.14 


7.12 


0.126 


561 


4639 


1359 


7.97 


64.42 


10.46 


0.941 


620 


4804 


171 


6.35 


3.52 


9.46 


0.564 


622 


4800 


216 


7.86 


6.38 


10.79 


0.234 


661 


5164 


153 


5.62 


1.58 


-20.74 


0.293 


664 


4889 


186 


5.76 


2.89 


8.66 


0.362 


713 


4833 


567 


5.69 


24.02 


11.46 


0.835 


745 


4541 


463 


10.24 


32.09 


10.32 


1.184 


821 


5246 


126 


6.78 


1.61 


9.34 


0.479 


867 


6185 


134 


12.64 


1.07 


10.48 


0.179 


912 


4961 


249 


8.19 


8.15 


9.16 


0.080 


970 


5142 


145 


4.61 


2.72 


8.98 


0.239 



Table 3 — Continued 



ID Te// o-Te// Dsini o-tisini" RV crRV 
(K) (K) (km/s) (km/s) (km/s) (km/s) 



971 


5927 


123 


6.58 


0.52 


9.16 


0.205 


1007 


5397 


139 


4.69 


1.49 


10.88 


0.338 


1008 


5828 


141 


5.41 


1.30 


9.25 


0.310 


1032 


4666 


601 


7.11 


29.51 


-4.25 


0.519 


1169 


5315 


162 


7.74 


2.13 


-15.75 


11.090 


1328 


4996 


1522 


11.78 


85.95 


-25.67 


1.298 


1367 


4689 


1276 


6.17 


27.64 


11.31 


1.050 



''In cases where crv sin i exceeds v sin i, the values for av sin i should 
be taken as an upper limit on vsini. 
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Table 4. Color Uncertainty as a Function of Absolute Magnitude 



My (mag) 


aiB - V)o (mag) 


a(V - Ic)o (mag) 


a{g-r) (mag) 


(7{g - i) (mag) 


4.0 


0.012 


0.027 


0.032 


0.034 


5.0 


0.017 


0.046 


0.035 


0.049 


6.0 


0.016 


0.036 


0.034 


0.046 


7.0 


0.022 


0.045 


0.046 


0.062 


8.0 


0.035 


0.062 


0.066 


0.073 


9.0 


0.039 


0.107 


0.069 


0.094 


10.0 


0.066 


0.147 


0.059 


0.102 


11.0 


0.075 


0.069 


0.061 


0.060 



Table 5. Parameters from Fitting equations [3] and HI 



Parameter Value Bootstrap Error Monte Carlo Error 





10.81 days/mag 


0.35 


0.14 


hin 


-1.36 days 


0.35 


0.12 


0-bpl 


4.752 days 


0.031 


0.021 


bbpl 


-20.9 


4.0 


2.0 



Table 6. Spread in Period about the Main Period-Color Band as a Function of Color. 



(B ~ V)o 


# Points 


RMS'" 


^2b 


significance'^ 


RMS'^ 


^2c 


significance* 






linear (days) 


linear 


linear 


B.P.L. (days) 


B.P.L. 


B.P.L. 


0.60 


33 


1.07 


10.77 


39.51 


9.28 


5.11 


16.62 


0.80 


51 


0.54 


1.69 


3.46 


2.58 


1.65 


3.25 


1.00 


61 


0.77 


2.22 


6.73 


4.34 


2.34 


7.38 


1.20 


35 


0.72 


2.90 


7.92 


5.52 


2.71 


7.11 


1.40 


57 


1.36 


1.57 


3.03 


3.03 


1.80 


4.24 


1.60 


7 


0.69 


2.72 


3.21 


2.79 


1.93 


1.73 



^Standard deviation of the period residuals of stars within 0.1 mag of {B — V)o for a linear fit between 
period and {B — V)o. 

psr degree of freedom of the period residuals of stars within 0.1 mag of (B — V)o for a linear fit 
between period and (B — V)o 

'^Significance in a of for the linear model. 

"^Standard deviation of the period residuals of stars within 0.1 mag of (B — V)o for a broken power-law 
fit between period and (B — V)o- 

"X^ psr degree of freedom of the period residuals of stars within 0.1 mag of {B — V)o for a broken power-law 
fit between period and (B — V)o 

'Significance in a of for the broken power-law model. 
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Table 7. Parameters for models displayed in figures [27| and [28] 



Color Range 


Mass Range'' 


Po,io'' 






D.O.F.'^ 


C.L.'^ 


(mag) 


(Mq) 


(days) 


(days) (days) (10'*'^ g cm^ s) 














{B-V)o 


using data from all available clusters and the Sun'^ 








[0.5,0.7] 


[0.99,1.21] 


0.64(0.06) 


2.71(0.50) 4.26(0.18) 5.82 3.25(0.18) 


2.39 


4 


0.43 


[0.7,0.9] 


[0.86, 0.99] 


0.13(0.04) 


3.18(0.84) 2.28(0.27) 10.89 3.65(0.18) 


12.21 


4 


2.41 


[0.9,1.1] 


[0.76, 0.86] 


0.16(0.05) 


5.06(1.01) 2.85(0.32) 8.70 3.24(0.27) 


21.75 


4 


3.69 


[1.1,1.3] 


[0.68,0.76] 


0.24(0.05) 


4.48(0.74) 5.06(1.27) 4.90 3.16(0.36) 


1.19 


2 


0.59 


[1.3,1.5] 


[0.53, 0.68] 


0.32(0.05) 


6.76(0.74) 12.15(1.85) 2.04 5.35(1.09) 


0.31 


2 


0.18 






(S - V)o, 


using data from M37, the Hyades, and the Sun only 








[0.5,0.7] 


[0.99,1.21] 


0.23(0.05) 


2.07(0.55) 3.41(0.15) 7.26 3.29(0.18) 


1.07 


2 


0.54 






{V - Ic)o 


, using data from all available clusters and the Sun 








[0.5, 1.0] 


[0.82, 1.35] 


0.63(0.11) 


4.55(0.99) 3.56(0.34) 6.97 2.85(0.16) 


2.96 


6 


0.24 


[1.0,1.5] 


[0.67, 0.82] 


0.26(0.06) 


5.16(1.24) 4.25(0.48) 5.83 3.11(0.44) 


6.59 


2 


2.08 


[1.5,2.0] 


[0.56, 0.67] 


0.58(0.16) 


4.39(0.47) 12.02(2.08) 2.06 8.20(2.37) 


68.21 


4 


7.52 


[2.0,2.5] 


[0.24,0.56] 


0.29(0.05) 


7.28(1.06) 15.67(3.20) 1.58 3.16(1.59) 


3.99 


2 


1.49 






{V-Ic)o, 


using data from M37, the Hyades, and the Sun only 








[0.5, 1.0] 


[0.82, 1.35] 


0.42(0.18) 


4.09(1.32) 3.22(0.40) 7.69 2.89(0.17) 


2.35 


2 


1.02 



''The rough range in masses corresponding to the color range of the bin. 

''Estimates of the 1 — a uncertainties on the parameters are given in parentheses. These uncertainties are determined by conducting 
an MCMC simulation. 

'^Number of degrees of freedom in the fit. 

'^The formal confidence level in a at which the null hypothesis that the model fits the data can be rejected. 

''We exclude clusters with fewer than 4 points in the color bin from the fit. The Sun is only included for the bluest color bin. 



